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Statements

Belonging to the PhD thesis

Deep brain stimulation and memory functions

Majed Ahmad Aldehri

1. There are vital gaps in our understanding of the effect of electrical stimulation on 
memory-related functions that still exist and need to be addressed. (This thesis).

2. The potential mechanisms involved in enhancing memory functions by deep brain 
stimulation (DBS) involve synaptic plasticity, neurogenesis, volume increase, and 
increased acetylcholine release. (This thesis).

3. Fornix DBS induces long-term depression of hippocampal synaptophysin levels. 
(This thesis).

4. Intermittent DBS of the nucleus basalis of Meynert (NBM) is able to reverse memory 
impairment induced by scopolamine. These findings stress the clinical relevance 
of exploring the NBM neuromodulation with non-conventional stimulation 
paradigms. (This thesis).

5. Deep brain stimulation of the NBM increased the formation of newly formed cells 
in the hippocampus, which might contribute to one of the mechanisms of DBS-
mediated behavioural effects. (This thesis).

6. Seeking knowledge is an obligation upon everyone: “Whoever travels a path in 
search of knowledge, God will make easy for him a path to Paradise” (The Prophet 
Mohammad).

7. Life is all memory, except for the one present moment that goes by you so quickly 
you hardly catch it going. (Sarah Hescham).

8. There is a single light of science, and to brighten it anywhere is to brighten it 
everywhere. (Isaac Asimov).

9. Success is the ability to go from one failure to another with no loss of enthusiasm. 
(Winston Churchill)

10. A person who never made a mistake never tried anything new. (Albert Einstein).

11. The science of today is the technology of tomorrow. (Edward Teller)
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Memory

Memory is the brain’s ability to encode, store and later retrieve or recall learned 
knowledge and information (1). Encoding refers to processing recent information (2). 
Storage refers to the system by which memory is kept and the site where it is kept. 
Retrieval deals with the process which permits the recall of saved information (1, 2). 
Learning and memory are important in order to assess how the environment can affect 
our behavior. Learning can be defined as the ability to obtain and store information 
from the environment (1, 3, 4).

We have both implicit and explicit memories. Implicit memory requires perceptual and 
motor training and can be unconsciously recalled. Implicit memory has different forms: 
non-associative and associative. The non-associative learning refers to the replication 
of one stimulus. In contrast, with associative learning, the relationship is between 
two stimuli, or the relationship between the stimulus and behaviour (1, 5-7). Explicit 
memory depends on factual knowledge of people, places or objects that requires a 
conscious effort to be recalled, and it is represented by the medial temporal lobe. The 
psychologist Endel Tulving further classified explicit memory (8) as episodic (memory 
of events and personal experiences, e.g. I remember my first day at school) or semantic 
(memory of facts, e.g. lead is heavier than wood) (1, 5, 7).

The knowledge that has been stored as explicit memory is processed in the polymodal 
cortices that produce visual, auditory and physical information (prefrontal, limbic 
and parieto-occcipital temporal cortices). Information is transported afterwards to 
the parahippocampal and perirhinal cortices, then, to the entorhinal cortex, dentate 
gyrus, hippocampus, subiculum; and then returns back to the entorhinal cortex. After 
that the information is conveyed from the entorhinal cortex to the parahippocampal 
and perirhinal cortices and afterwards to the polymodal area of the neocortex. The 
entorhinal cortex plays an important role in information processing. Dysfunction of 
sensory modalities (vision, hearing, touch, taste and smell), are often seen in the early 
stages of Alzheimer’s disease (AD), and are thought to be linked to pathological changes 
in the entorhinal cortex (1, 5).

The initial encoding of short term memory, also called working memory, is regulated 
in the medial temporal lobe, sub regions of the prefrontal cortex and posterior parietal 
cortex (9, 10). The information flows into two memory systems: the articulatory loop 
and the visuospatial sketch pad. The articulatory loop is the storage system for language 
and numbers and can be maintained by sub vocal speech through repetition, e.g. the 
password for my email account. The visuospatial sketch pad is responsible for visual 
properties and special locations of an object to be remembered: for instance, how my 
father has arranged the living room (1, 2, 5).

According to the studies of James Papez in 1937, the limbic system contains a circuit 
that is involved in memory formation as well as the brain’s emotional control. It is 
responsible for consolidating recent memories into long term memories, but it does 
not store information itself. This circuit is a ring-like structure surrounding the 
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brain stem which is known as the circuit of Papez. The circuit of Papez is made up 
of the hippocampus, the fornix, mammillary bodies, mammillothalamic tract, anterior 
thalamic and the entorhinal cortex (1, 3).

Memory Loss

Memory loss is considered to be a cardinal sign of ageing (11, 12) which starts when 
the brain is unable to retain past information and experiences. Some prevalent causes 
that can lead to memory loss are: traumatic brain injury (13), chronic alcoholism (14), 
drug use (15), certain medications (16), brain infections (17), stroke (18), brain tumor 
(19), sleep deprivation (20), nutritional deficiency (21), under- or overactive thyroid 
gland (22), depression (23) and stress (24). Treatment of memory loss depends mainly 
on the cause, and in some cases, the decline of memory can be reversed with treatment. 
Memory loss is an essential characteristic of various kinds of dementia (25). The most 
predominant cause of dementia is AD (26). In the early stage of AD, the most prevalent 
symptom is that the patient’s ability to acquire new memories is impaired (27). Also 
dysfunction of sensory modalities is frequently seen in these patients (1). Patients with 
a progressed stage of AD suffer from confusion, the inability to interpret sensations, the 
inability to speak or understand speech, and the inability to accept customs. They also 
suffer from long term memory loss (28). Currently there is no cure or means of prevention 
and only symptomatic treatments are available for AD. Early stage medications available 
for AD are acetylcholinesterase inhibitors (29) such as Rivastigmine, Galantamine and 
Donepezil. While in the progressed stage of AD a receptor antagonist such as Memantine 
[N-methyl-D-aspartate (NMDA)] is used (30). Because of the limited and short term 
symptomatic relief of these medications as well as their side-effects, there is a demand 
for the use of non-pharmacological therapies in order to reduce or delay the progress 
of AD (25). Treatments currently being tested are neuromodulation-based approaches 
such as Transcranial Magnetic Stimulation (TMS) (31), temporal cortex Direct Current 
Stimulation (tDCS) (32) and Deep Brain Stimulation (DBS) (28). This thesis deals with 
DBS.

Deep brain stimulation

DBS is a minimally invasive neurosurgical procedure that is used to suppress or activate 
neuronal elements or modulate dysfunctional brain circuits (3). It involves implanting 
an electrode in a specific brain area connected by an electrical extension with a pulse 
generator. The pulse generator delivers continuous or intermittent electrical pulses to the 
dysfunctional neural circuits (33). DBS has been proven to be an effective treatment for 
certain neurological (34) and psychiatric (28) disorders, such as Parkinson disease (35), 
essential tremor (36), dystonia (37), Tourette’s syndrome (27) and Obsessive Compulsive 
Disorder (38). Promising single case studies and small clinical DBS trials have been 
carried out for some other neurological and psychiatric disorders, such as depression, 
drug addiction (28), epilepsy (39), headache (40), anorexia (41) and morbid obesity 
(42). In recent years, the use of DBS has also been studied in disorders characterized 
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by memory impairment such as AD. Until now, two brain targets have been studied 
clinically: the fornix (43) and the nucleus basalis of Meynert (NBM) (44, 45). The 
idea of applying DBS in order to restore memory received renewed attention in 2008, 
when a patient suffering from morbid obesity started to recall detailed autobiographical 
memories while being stimulated in the fornix/hypothalamus area (27, 43). Clinical 
studies were performed afterwards with mixed results (45-47). The mechanisms of 
action of DBS involved in memory restoration are a topic of investigation. These will 
also be addressed in this thesis.

Mechanisms

The mechanisms of action of how DBS influences memory-related functions are not 
well understood yet. Below are some potential mechanisms (27, 48), both neuronal and 
behavioural.

Neuronal
1. Structural effects: DBS can affect long-term structural plasticity, including 
hippocampal volume enlargement (48-50). Fornix DBS for 12 months resulted in 
structural changes within the circuit of Papez by reducing the rate of hippocampal 
atrophy in patients with AD in comparison to patients not receiving DBS (49). Animal 
studies indicate DBS of the rostral intralaminar thalamic nucleus for 30 minutes 
enhances hippocampal structural alterations when compared to control animals (50).

2. Neurochemistry: in an animal study, DBS of the fornix increased acetylcholine (Ach) 
release in the hippocampus after 20 minutes (48, 51). Acetylcholine plays a role in 
both learning and memory, but also in locomotor and anxiety-related behavior (3). 
Acetylcholine has been shown to be involved in the encoding of new memories and the 
increasing of synapse modification. These effects varied in different cortical structures. 
In particular, Ach enhances the encoding of new episodic memories by enhancing 
long-term potentiation in many areas including entorhinal cortex, piriform cortex and 
hippocampus (52).

3. Neurogenesis: Two weeks of bilaterally forniceal DBS, 1 hour per day, enhanced 
neurogenesis in the hippocampal dentate gyrus in a mouse model of Rett syndrome (53). 
Unilateral DBS of the anteromedial thalamic nucleus for 1 hour resulted in ipsilateral 
hippocampal dentate gyrus neurogenesis when compared to the contralateral side and 
to sham-treated rats (54). Bilateral DBS to the entorhinal cortex for 1 hour increased 
proliferation in the dentate gyrus of the hippocampus after 6.5 weeks (55). Bilateral 
DBS of the anterior thalamic nucleus for 1 hour increased hippocampal neurogenesis in 
the dentate gyrus of rats (56, 57).

Behavioural
Scopolamine (a muscarinic cholinergic receptor antagonist) impairs memory and 
learning in animal models (58). DBS of the fornix is able to reverse these behavioural 
deficits: for instance, DBS of the fornix improves the performance of rats during the 
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acquisition and retention trial of the object location task. This effect depends on the 
stimulation current densities rather than the stimulation frequencies (59). In the water 
maze performance (long-term spatial memory), an increase in the number of crossings 
over former platform location was improved with fornix DBS, when compared to sham 
treated animals (36).

At present there is a better understanding of the effects of DBS on memory-related 
function, however, essential gaps in our knowledge exist and need to be addressed. These 
include the long-term effects of DBS of the fornix on synaptic plasticity. In addition, 
we need to investigate whether DBS of an alternative region can induce memory-
restoring effects and whether these effects are dependent on stimulation protocols, such 
as continuous versus intermittent stimulation.

Aim of  the present thesis

For this thesis, I performed studies to generate data to address the gaps in our knowledge. 
The specific aims of the chapters included in this thesis are described below.

In chapter 2, I aimed to provide an overview of the current state of knowledge of the 
potential mechanisms of action of DBS on learning and memory.

In chapter 3, I aimed to investigate the long term effects of fornix DBS on synaptic 
plasticity in wild-type rats.

In chapter 4, I aimed to investigate the effects of continuous versus intermittent DBS of 
the NBM on memory-related behavioural tasks in a rat model of experimental dementia.

In chapter 5, I aimed to investigate the effect of DBS of the NBM in neurogenesis in a 
rat model of experimental dementia.

The aim of chapter 6 is to provide an overall discussion and conclusion.
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Abstract

Dementia is among the leading causes of severe and long‑term disability worldwide, 
decreasing the quality of life of individuals and families. Moreover, it induces an 
enormous economic burden on societies. The most prevalent cause of dementia is 
Alzheimer’s disease (AD). Because current treatment options for AD are limited, deep 
brain stimulation (DBS) has been considered. The aim of this review is to survey the 
current understanding regarding the effects of DBS in AD and possibly shed light on the 
mechanisms of DBS in AD. We searched PubMed and Cochrane for various studies in 
English literature describing DBS in patients with AD and relevant preclinical studies. 
All related studies published from December 2013 to March 2017 were included in this 
review. Our understanding of the neural circuitry underlying learning and memory in 
both rodent models and human patients has grown over the past years and provided 
potential therapeutic targets for DBS such as the fornix and the nucleus basalis of 
Meynert. Clinical results indicate that DBS is most beneficial for patients who are 
in the early stages of AD. Potential mechanisms of action of DBS in AD comprise 
long‑term structural plasticity, including hippocampal enlargement as well as enhanced 
neurotransmitter release. It is still premature to conclude that DBS can be used in the 
treatment of AD, and the field will wait for the results of ongoing and future clinical 
trials.
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Introduction

Patients with dementia suffer from progressive cognitive decline. The most prevalent 
cause of dementia is Alzheimer’s disease (AD) as it constitutes 50–80% of the cases. 
Dementia is a serious socioeconomic threat for ageing societies (1, 2). The mean 
life expectancy after diagnosis of AD is approximately 7 years (3). At present, only 
symptomatic treatments are available, including NMDA receptor antagonist and 
acetylcholinesterase inhibitors (4). The major drawback of these drugs, however, is that 
only a limited number of patients benefit from their temporary therapeutic effect. These 
limitations have triggered researchers to consider neuromodulation‑based approaches 
in memory‑related disorders. The field of neuromodulation is receiving more and more 
interest due to some key advances in this field (5).

One of the neuromodulation approaches considered for AD is deep brain stimulation 
(DBS) (6-8). The key principle of DBS is to modulate the activity of neural elements by 
implanted electrodes in a key brain region with an internal pulse generator. The rationale 
for using DBS in AD is that, in addition to being a neurodegenerative disorder, AD can 
be considered a neural circuit disorder because it affects several integrated cortical and 
subcortical pathways, especially those involved in memory and cognition (9).

Previously, we have reviewed relevant studies, which have been published until 2013 
(10). Our main conclusion was that the use of DBS in patients with memory loss has 
placed special emphasis on stimulating the fornix or the nucleus basalis of Meynert 
(NBM), although exact mechanisms of action were yet to be elucidated. However, 
potential mechanisms underlying memory enhancement were hypothesized to include 
the release of specific neurotransmitters and neuroplasticity.

In the last few years, new data has appeared on DBS in AD [Table 1]. Here, we will 
discuss these studies and analyze the clinical outcomes in light of the stimulated target as 
well as the functional and anatomical changes in the brain. In particular, we will review 
relevant preclinical and clinical literature published after 2013 and evaluate the progress 
of our current understanding.
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Literature search

We searched PubMed and Cochrane library for various clinical and preclinical studies 
in English literature with the search terms “Deep Brain Stimulation,” “memory loss,” 
“cognitive impairment,” “dementia,” and “Alzheimer’s Disease.” Key words were used 
independently and in different combinations. Relevant articles were chosen from 
review papers, original research articles, and book chapters about DBS and AD. Articles 
of interest within the reference lists of selected articles were also considered. Studies 
describing DBS in AD patients using the fornix or NBM as the target structure were 
included. Clinical outcomes were Alzheimer’s Disease Assessment Scale–Cognitive 
subscale (ADAS‑cog), Mini‑Mental State Examination (MMSE), and/or Clinical 
Dementia Rating Scale Sum of Boxes (CDR‑SB). Preclinical studies targeting the 
fornix, NBM, or different thalamic nuclei were also included. Outcome measures 
were performance in behavioral tests (e.g. Morris water maze and fear conditioning). 
Articles aimed to study the effect of DBS in other neurodegenerative diseases or other 
forms of dementia [e.g. Parkinson’s Disease dementia, vascular dementia, Huntington’s 
disease dementia, alcohol related dementia, Creutzfeldt–Jakob disease, Lewy‑body 
dementia] were excluded. Moreover, case reports and articles written in languages other 
than English were also excluded. To update our previous review (10), which described 
relevant studies up to 2013, we considered all related studies published from December 
2013 to March 2017 in the present review.

Clinical studies

Thus far, only two different brain targets have been implicated for DBS in AD patients. 
These targets include the fornix (8, 11) and the NBM (12-14).

As described in our previous review, the idea of using fornix DBS for memory restoration 
was found incidentally by Hamani et al. (6) while treating a patient suffering from 
morbid obesity. On the basis of that study, a phase I trial was performed by Laxton et al. 
(8) in six patients with mild AD. The site of implantation of electrodes was the fornix/
hypothalamus. Patients underwent 12 months of high frequency stimulation at 3 V, 130 
Hz, and 90 μs pulse width. The study showed that stimulation of the fornix/hippocampus 
resulted in enhanced entorhinal and hippocampal neural activity. In addition, impaired 
glucose metabolism in both the temporal and parietal lobes was reversed after chronic 
stimulation. However, the authors have not correlated the changes in glucose metabolism 
to an improvement in clinical outcome in the present study. Now, a study has been 
published describing that fornix DBS resulted in structural changes within the circuit of 
Papez in these patients (15). MRI of hippocampus, fornix, and mammillary bodies was 
measured at baseline as well as 1‑year after the procedure to evaluate structural changes. 
The authors found that DBS can significantly reduce the rate of hippocampal atrophy 
when compared to the age‑, sex‑, and severity‑matched group of AD patients (n = 
25) not receiving DBS (15). Two patients with the best clinical response (improvement 
of the ADAS‑cog and MMSE scores) to fornix DBS even showed a bilateral volume 
increase of the hippocampus of 5.6% and 8.2%, respectively. In one of the two patients, 
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hippocampal volume was preserved 3 years after diagnosis. The mean hippocampal 
atrophy rate in AD patients has been estimated to be approximately 4–5% per year 
(16), although the averages found in literature are highly variable. Several quantitative 
human MRI studies have suggested that the hippocampus can enlarge when performing 
physical exercise or when recovering from neurological disease states [for review see 
(17)]. The average increase of hippocampal volume in healthy volunteers, who engaged 
in voluntary physical exercise, for example, was in the magnitude of 0.2–1.4% (18). To 
our knowledge, hippocampal enlargement in AD patients has not yet been reported in 
literature. The unexpected 5–8% increase the authors observed in the aforementioned 
study appear to be striking and might even bring hippocampal volumes back to 
pre‑disease levels. Further studies are indicated to determine what causes this volume 
increase. Possible mechanisms include synaptic plasticity, neurogenesis, gliogenesis, or 
even increased vascularization in the hippocampal region.

Glucose metabolism also changed in DBS patients in accordance with volume changes 
of the hippocampus and mammillary bodies. Deformation‑based morphometry (DBM) 
showed local enlargement in regions that are typically atrophied in AD patients such as 
parahippocampal gyri, right superior temporal gyrus, left parietal lobule, and bilateral 
precuneus (15). However, there was also expansion of areas that are not usually influenced 
by AD such as the thalamus and superior frontal gyrus. The authors hypothesized that 
these changes might represent mechanical re‑expansion in areas deformed by the initial 
neurosurgical implantation procedure given the close proximity of the thalamus and 
superior frontal gyrus to the implanted DBS electrodes.

Following the abovementioned phase I trial, Lozano and colleagues launched the 
ADvance study, a double‑blinded randomized controlled study in which 42 AD 
patients were implanted with fornix DBS electrodes in different centers across the U.S. 
and Canada. The aim of the study was to investigate the long and short‑term safety 
of DBS. Outcome measures were neuropsychological tests such as the ADAS‑cog, 
clinical dementia ratings, and glucose metabolism (19). The study included 42 patients 
between the ages of 45 and 85 with an ADAS‑cog score between 12 and 24. Patients 
underwent bilateral implantation of DBS electrodes and were followed at 2, 6, and 12 
weeks interval after the procedure. The authors concluded that fornix DBS simulation 
can be accurately performed across neurosurgeons.

The outcomes of the phase II trial of the ADvance study have recently been published 
(11). Twenty‑one patients with “off” stimulation as a sham control group and 21 
patients with “on” stimulation at 2 weeks after surgery with 130 Hz, between 3.0 and 
3.5 V and 90 μs pulse width for a period of 12 months were included in this study. 
Age analysis was associated with clinical outcomes, for instance, preoperative positron 
emission tomography (PET) scan revealed significant lower metabolism in the younger 
patients compared to the older patients in temporal and parietal areas. After 6 months, 
PET imaging outcomes demonstrated a great reversal increase of the impaired glucose 
metabolism in several brain regions in fornix DBS group of patients more than 65 years 
of age in comparison to the patients younger than 65 years. However, the increase in 
glucose metabolism decreased again after 12 months of chronic stimulation. Younger 
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patients (<65 years) receiving fornix DBS indicated cognitive decline in the 13‑item 
version of the ADAS‑cog and Clinical Dementia Rating Scale Sum of Boxes (CDR‑SB). 
The authors suggested that this may be related to the greater brain atrophy, metabolic 
deficit, and malignant course of AD, or different genetic and clinical phenotypes that 
were less responsive to neural network modulation. The authors concluded that patients 
65 years of age and older with mild AD responded to fornix DBS. The study findings 
are making grounds towards better understanding of the mechanism of fornix DBS and 
adjustment towards optimal dose to obtain maximum benefit.

Another potential target for DBS in AD patients is the NBM because it has cholinergic 
projections to hippocampus and neocortex. In AD, NBM degenerates, which results in 
reduction of cholinergic transmission, and subsequently decline of cognition in patients 
(20).

Recently, 6 mild‑moderate AD patients were enrolled in a German study and received 
bilateral low frequency DBS of the NBM (13). DBS parameters were individually 
based. The study design consisted of two phases – a randomized sham‑controlled 
stimulation phase of 1 month followed by 11 months of continued open stimulation. 
During the first phase, patients received either 2 weeks of stimulation (ON) followed 
by 2 weeks without stimulation (OFF) or vice versa. For ethical reasons, the authors 
switched into an open‑label study after 11 months with a 24‑hour isolation phase 
before the crossover. Primary outcome was clinical improvement and was assessed 
based on neuropsychological tests, PET scans, and electroencephalography (EEG). Two 
patients deteriorated in the ADAS‑cog score, 3 patients remained stable and 1 patient 
improved. The mean MMSE score for the rate of decline was decreased by 0.5 points. 
In total, scores improved for 3 patients and worsened for the other 3 patients. The mean 
score of the Clinical Dementia Rating remained stable over the 12‑month follow‑up 
period. PET scans showed an increase of glucose metabolism in 3 out of 4 patients 
on 12‑months follow‑up. On average, quality of life (QoL) dropped by 0.2 (5.7 to 
5.5) after 12 months. Two patients reported an improved QoL, 2 noticed no change, 
and 2 reported a decrease in their QoL. Of note, even early in the disease course, AD 
is characterized by the fact that patients are unable to understand the impact of their 
disease on daily functioning, a clinical phenomenon known as anosognosia (21). In line 
with this, caregivers would usually rate patients’ QoL worse than patients themselves 
(22), so the aforementioned QoL changes should be treated with caution.

In a next publication, the nutritional status of these patients was assessed before 
receiving NBM DBS and after 1 year to analyze potential associations between changes 
in cognition and nutritional status (23). The hypothesis was that DBS can counteract 
the deterioration of nutritional status and progressive weight loss normally observed in 
AD. Indeed, the authors found that all but one patient gained body weight during the 
study period. This was reflected in a stable or improved body composition, assessed by 
bioelectrical impedance analysis, in 5 of the 6 patients. The nutritional factor that was 
associated with changes in the ADAS‑cog was vitamin B12.
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The same group performed a follow‑up study in 2 patients, different from the 6 patients 
recruited in the pilot study based on the hypothesis that earlier intervention results 
in a better outcome. They targeted the same location (NBM) in 2 younger patients 
(61 and 67 years) with an earlier stage of AD (14). After 26 months of follow‑up, 
1 patient remained stable in the ADAS‑cog and even improved in the MMSE. An 
enhancement of cognitive functions is very unusual in patients with AD, especially 
after such a long follow‑up period. The other patient showed a global improvement 
during the first year of treatment, but a slight deterioration of the ADAS‑cog became 
apparent after 26 months. The major conclusion of the study stated that NBM DBS 
modulates the cholinergic input and has a favorable long‑term cognitive effect with 
regard to ADAS‑cog and MMSE scores in younger patients with less advanced AD 
stages. Caution needs to be applied, however, because of the small sample size and to 
their definition of “young.” In the aforementioned Advance trial, younger patients were 
considered to be <65 years of age and did not respond to fornix DBS, whereas patients ≥ 
65 years benefited from the treatment. The reasons for this are not yet understood. The 
authors state that younger patients have a more sever pathology when compared to older 
patients (11). In addition, a great portion of young patients could be falsely diagnosed 
with AD. Moreover, genetics and phenotypes could have played a role in the response 
of AD to DBS. Further research is warranted to explore the relationship between DBS 
and AD with age as a factor.

Preclinical studies

Different brain targets have been implicated for DBS in animal models which showed 
enhancement of memory functions. These sites include the fornix (24), entorhinal cortex 
(25), NBM (26), and anterior thalamic nucleus (27, 28). Preclinical studies have been 
used to investigate neuroanatomical, neurophysiological, and neurochemical changes 
within the memory circuits.

Recently, the effects of fornix DBS in a mouse model of Rett syndrome has been 
evaluated (29). Rett syndrome is the leading cause of intellectual disability in females and 
the mouse model, which reproduces the broad phenotype of this disorder, shows clear 
deficits in hippocampus‑dependent learning and memory and hippocampal synaptic 
plasticity. Unilateral fimbria‑fornix DBS was able to rescue contextual fear memory as 
well as spatial learning and memory in these mice. In parallel, the authors were able to 
restore hippocampal long‑term potentiation in vivo and hippocampal neurogenesis. 
Because cholinergic signaling plays a role in Rett syndrome, the authors hypothesized 
that fornix DBS can enhance hippocampal memory through cholinergic modulation. 
However, they were unable to corroborate this hypothesis in the present study.

Interestingly, in the same year, a neurochemical study was published in which the effects 
of fornix DBS with regard to hippocampal neurotransmitter release was described 
(30). Rats were stimulated bilaterally in the fornix with 100 Hz, 100 μA, and 100 μs 
pulse width for 1 h whereas the sham group was only connected to the cable and not 
stimulated. In addition, a microdialysis probe was implanted in the dorsal hippocampus 
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for continuous monitoring of neurotransmitters. First, c‑Fos immunohistochemical 
analysis revealed a significant increase in the CA1 and CA3 subfield of the hippocampus 
in stimulated animals when compared to sham. Second, neurochemical analysis revealed 
that fornix DBS led to an increase in hippocampal acetylcholine levels. In particular, 
acetylcholine levels were elevated after 20 min of stimulation, but then declined despite 
ongoing DBS. Therefore, the authors concluded that intermittent stimulation might be 
needed to sustain high levels of acetylcholine. Notably, hippocampal glutamate levels 
were not affected by DBS.

With regard to neurochemical effects of NBM stimulation in rats with basal forebrain 
cholinergic neurons degeneration, gamma‑aminobutyric acid (GABA), and glutamate 
seem to play a role in restoring memory loss (31). The degeneration of basal forebrain 
cholinergic neurons is preferentially vulnerable in AD and is associated to spatial 
learning and memory impairment. Stimulation was unilateral, bipolar and parameters 
were 1 V, 90 μs at 120 Hz for 1 h per day for 1 week. In a spatial memory test, the 
DBS group with basal forebrain lesion showed an equivalent performance to controls 
without lesion, while sham animals performed significantly worse. Moreover, NBM 
DBS seemed to regulate levels of glutamic acid decarboxylase, which is involved in 
the synthesis of GABA and glutamate. In sham animals, glutamic acid decarboxylase 
decreased in the medial prefrontal cortex, whereas expression of glutamate transporters 
increased in the medial prefrontal cortex and hippocampus.

Since 2013, various animal studies have been published investigating DBS in different 
thalamic nuclei. In line with this, DBS of the rostral intralaminar thalamic nucleus 
(ILN) improved the acquisition of spatial memory when compared to sham and control 
rats (32). Stimulation parameters were 1.5 mA, 60 μs at 100 Hz. Only a single 30 min 
train of stimulation was delivered to each animal on the first day of the Morris water 
maze. It was shown that DBS rats had more c‑Fos immunoreactive neurons in layer IV 
of somatosensory cortex and hippocampal dentate gyrus than control rats, indicating 
that DBS enhanced structural alterations, which lead to increased synaptic connectivity. 
The number of dendritic spines also increased (58%) on CA1 hippocampal pyramidal 
neurons of DBS rats when compared to controls. Significant upsurge of dendritic spines 
(55–69%) was also seen in layer III of the somatosensory cortex as well as the proximal 
apical dendrites of layer V pyramidal neurons (16%) in comparison to control rats. 
These results indicate that the enhanced cognitive performance of ILN DBS rats might 
be due to modulation of hippocampal neuronal plasticity and intracortical functional 
and dendritic connectivity.

In another study, the effect of biphasic unilateral stimulation of the anteromedial 
thalamic nucleus on neurogenesis was investigated in awake and unrestrained rats (33). 
Rats (n = 6) were stimulated for 1 h with 100 μA, 125 μs, 130 Hz, whereas sham 
rats (n = 4) were not stimulated. The authors showed a significant increase of the cell 
proliferation marker 5‑Bromo‑2‑deoxyuridine (BrdU) in response to stimulation in 
the unilateral subgranular zone of the dentate gyrus compared with the contralateral 
side and sham rats (irrespective of the gender). The increase in unilateral neurogenesis 
reached 76% of neural progenitor cells.
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Recently, DBS of the parafascicular thalamic nucleus has shown to affect NMDA 
receptor GluN1 subunit gene expression in the prefrontal cortex (34). In this study, 
20 naïve Wistar rats were stimulated for 20 min at 1 Hz cathodic square pulse trains 
of 500 ms and a current intensity ranging from 60 to 100 μA depending on the rats’ 
behavior (agitation, motor stereotypies, or other abnormal behavior were avoided). 
The results showed that parafascicular thalamic nucleus DBS induced a decrease in 
NMDAR GluN1 subunit gene expression in the cingulate and prelimbic cortices, but 
no significant differences were found in the density of NMDA or GABAB receptors. 
Because the authors have shown previously that parafascicular thalamic nucleus DBS can 
restore memory loss in NBM lesioned rats (35), these findings suggest that pro‑cognitive 
effects might be dependent on NMDAR GluN1 subunits in the prefrontal cortex.

Discussion 

Our understanding of the neural circuitry underlying learning and memory in both 
rodent models and human patients has grown over the past years and provided us with 
potential therapeutic targets for DBS. Phase I trials of DBS for AD, targeting either the 
fornix (8) or NBM (13), have shown that DBS is safe and well tolerated in AD patients, 
with promising early data for cognitive improvement. Functional imaging revealed that 
DBS can modulate neuronal activity within memory circuits and alter pathological 
cortical physiology. Consistent with these promising early trials, the clinicaltrials.gov 
registry shows four clinical trials of DBS in either fornix or NBM for AD, which are 
either ongoing or have been completed recently. These results will shed more light on 
the therapeutic effects of DBS in AD patients.

Furthermore, an increasing amount of preclinical studies aim to elucidate underlying 
mechanisms of action [Figure 1].

Majed Aldehri inhoud V6 kleur.indd   33Majed Aldehri inhoud V6 kleur.indd   33 7-7-2020   10:12:387-7-2020   10:12:38



Chapter 2

34

Figure 1: An updated schematic representation of the potential mechanisms involved in enhancing memory functions 
by deep brain stimulation. Stimulation of a target area within the memory circuit (e.g. fornix) can modulate the 
hippocampus through synaptic plasticity, neurogenesis, volume increase, and increased acetylcholine release.

In our previous review, mechanisms such as increased neurotransmitter release, release 
of growth factors, neurogenesis and neurotransmitter respecification have been outlined 
(10). Since then, preclinical studies have collected more evidence with regard to increased 
neurotransmitter release (30) and neurogenesis (33). Moreover, enhanced synaptic 
plasticity and long‑term potentiation have been described (29). There are of course 
some limitations of translational studies in predicting human clinical outcome, which 
can be attributed to the disease model itself, the small sample size and the experimental 
design (36). Nevertheless, in line with these preclinical findings, remarkable new clinical 
evidence suggests that fornix DBS can affect long‑term structural plasticity, including 
hippocampal enlargement (15).

A cost‑effectiveness study found that the clinical and economic thresholds required 
for DBS to be considered cost‑effective for AD are relatively low (37). Compared 
to standard treatment, DBS needs a success rate of only 3% to overcome effects of 
potential surgical complications on quality of life. At a success rate of 20%, DBS can be 
considered cost‑effective for mild AD. Above 80% success rate, DBS is both clinically 
more effective and more cost‑effective than standard treatment (37).

Although the discussed therapeutics have shown promise in improving memory in 
AD, it is important to acknowledge that AD patients suffer from overall cognitive 
deterioration as well as non‑cognitive symptoms and not solely memory impairment. 
Therefore, it is difficult to determine if improving memory will enhance quality of life. 
Moreover, it should be noted, that DBS does not prevent neurodegeneration in AD. 
Symptoms are only alleviated temporarily and in specific patient groups. Studies have 
shown that improvement in cognitive functioning and memory can last for a few years 
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and deterioration can occur afterwards. In addition, it remains unclear which inclusion 
criteria should be considered for AD patients to benefit from DBS. With regard to the 
age of the patients, it is possible that the cognitive decline in young AD patients is related 
to DBS itself as has been observed in some PD cases (38). However, in our opinion, this 
seems unlikely because young people with AD have a more severe progression, which 
could explain the structural, metabolic, and genetic abnormalities of their course of the 
disease compared with isolated AD pathology in elderly patients. More research needs to 
be done to establish the criteria needed for the treatment approach in patients with AD. 
Despite the promising data presented in this review, studies exploring the use of DBS in 
AD have limitations. At present, most published studies are done on a small sample size 
which can lead to over‑interpretation of data. In addition, measured clinical outcomes 
are inherently subjective and biased.

At present, there are multiple groups focusing on different targets in the brain, which 
makes drawing solid conclusions rather difficult. Furthermore, most available research 
remains in the preclinical phase, which gives no guaranteed outcomes in the translational 
setting. An important limitation of this approach remains that DBS is considered an 
invasive surgery with multiple risks associated with it, such as bleeding, infection, and 
possibly personality changes. Other side effects remain unknown and are yet to be 
discovered.

Nevertheless, because the clinical burden of dementia is considerable and the efficacy of 
current medical treatments limited, further investigation is warranted.
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Abstract

Fornix deep brain stimulation (DBS) has the ability to refurbish memory functions in 
animal models with experimental dementia. One of the possible underlying mechanisms 
is the acute increase of acetylcholine in the hippocampus. Another suggested hypothesis 
is neuroplasticity. Recent work in rats has shown that acute fornix DBS can modulate 
neurotrophic factors as well as synaptic plasticity markers on the short-term. Here, we 
want to test the hypothesis that acute fornix DBS can also lead to long-term effects 
on neuroplasticity. Rats received DBS at 100 Hz, 100 μA and 100 μs pulse width for 
4 h with electrodes placed bilaterally in the fornix. Seven weeks after stimulation, rats 
were sacrificed. BDNF, p-CREB, SV2 and synaptophysin immunohistochemistry 
was performed for their brains. No differences were found in the number of BDNF, 
p-CREB or SV2 positive cells for fornix DBS rats when compared to sham. Surprisingly, 
the density of synaptophysin immunoreactive presynaptic boutons was significantly 
decreased in the CA1 and CA3 subregion of the hippocampus for DBS rats. Therefore, 
fornix DBS might induce long-term depression related mechanisms.
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Introduction

Deep brain stimulation (DBS) is a technique that has been used for the treatment 
of more than 130,000 patients worldwide. It is an interventional minimal invasive 
neurosurgical procedure that is used to suppress or activate the dysfunctional brain 
circuits (1). It involves a pulse generator which sends electrical pulses to the target brain 
circuits, electrodes which are placed in specific brain regions and an electrical extension 
to connect the electrode with the pulse generator (2, 3).

DBS has been shown to be an effective treatment for some neurological and psychiatric 
disorders such as Parkinson disease (4), essential tremor (5), dystonia (6), obsessive 
compulsive disorder (7) and Tourette’s syndrome (8). Promising single case studies and 
small clinical DBS trials have been carried out in some other neurological and psychiatric 
disorders such as depression (9), epilepsy (10), drug addiction (11), headache (12), 
anorexia (13) and morbid obesity (14). In recent years, DBS has also been explored in 
Alzheimer’s disease (15, 16). 

The idea of applying DBS in order to restore memory loss emerged serendipitously in 
2008 when a patient suffering from morbid obesity started to recall autobiographical 
memories while being stimulated in the fornix/hypothalamus area (17). Based on this 
case observation, two years later the same group performed a phase I trial on 6 Alzheimer 
patients with DBS electrodes implanted in the fornix (15). Although the study was 
performed in an open-label fashion and without a sham surgery control group, the authors 
found that less severely affected patients responded to this therapy. After one month of 
stimulation the authors found that fornix DBS normalized cerebral brain glucose levels 
in the temporal and parietal cortex as observed in positron emission tomography (PET) 
scans (15).  In two patients with best clinical response to fornix DBS, the authors found 
evidence for neuroplastic changes. These changes included increased hippocampal 
volume which strongly correlated with volume change in the fornix and mammillary 
bodies indicating a circuit-wide effect of stimulation (18). Moreover, recent work in rats 
has shown that acute fornix DBS can induce c-Fos activation in the hippocampus and 
also modulate neurotrophic factors such as brain derived neurotrophic factor (BDNF) 
and vascular endothelial growth factor (VEGF); as well as synaptic plasticity markers 
such as growth associated protein 43, α-synuclein and synaptophysin (20).

Here, we want to investigate whether acute fornix DBS can also have long-term effects 
on neuroplasticity. Previously, we have described that fornix DBS can improve long-
term spatial memory independent of neurogenesis (20). We now hypothesize that 
the long-term spatial memory effects of acute fornix DBS might be associated to 
other neuroplasticity mechanisms, for instance synaptic potentiation or changes in 
the enzymatic machinery of neurons and terminals. We have tested this hypothesis 
by performing immunohistochemistry of neuronal and synaptic plasticity markers 
such as phosphorylated cAMP response element-binding protein (p-CREB), BDNF, 
synaptic vesicle glycoprotein 2 (SV2) and synaptophysin. P-CREB is a transcription 
factor associated with long-term memory formation (21). BDNF is a growth factor 
that works as a synaptic plasticity regulator and plays a key role in modulating long-
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term potentiation (LTP). SV2 is a glycosylated protein that functions as a storage and 
transporter for neurotransmitters in the presynaptic vesicles (22) and synaptophysin 
is an integral membrane glycoprotein that is found in nearly all neurons in the CNS, 
particularly in the presynaptic vesicles (23, 24). 

Materials and Methods 

Subjects
Seventeen Sprague–Dawley rats from Charles River (Sulzfeld, Germany) were used in 
this experiment. Their weight ranged between 280 and 300 g at the time of surgery. The 
room temperature of the colony room was preserved at 21 ± 1 °C. Rats were housed 
with two to three per cage in a reversed 12:12 h light-dark cycle and water and rat chow 
was available ad libitum. All animal procedures were carried out in accordance of the EU 
Directive 2010/63/EU for animal experiments. 

Experimental groups
Two experimental rat groups were made: sham (n = 7) and fornix DBS (n = 10). The rats 
were randomly assigned to either one.

The surgical procedure
A detailed description, of the surgical procedure and the electrodes used for DBS, 
can be found in another paper (25). In summary, isoflurane was used for anesthetic 
purposes (IsoFlo®, Abbott Laboratories Ltd, Berkshire, Great Britain). Two bilateral 
burr holes were made for the implantation of the DBS electrodes at the level of the 
fornix. Electrodes are gold plated and composed of inner and outer parts. The inner wire 
consists of a platinum-iridium combination and functions as the negative contact and 
the outer electrode (stainless steel) as the positive contact. The maximum outer diameter 
of the electrode is approximately 250 µm with a tip diameter of approximately 50 µm 
(Technomed, Beek, the Netherlands). Using bregma as a reference point as stated in 
the rat brain atlas of Paxinos and Watson (26), the coordinates are as follows: AP: -1.8 
mm; ML: 1.3 mm; DV: -8.0 mm. A rodent stereotactic apparatus (Stoelting, Wood 
Dale, IL, USA, model 51653) was used for the implantation of the DBS electrodes. 
The permanent attachment of the construct was achieved by means of dental cement 
(Paladur, Heraeus Kulzer GmbH, Hanau, Germany). The same procedure was followed 
for sham rats.

Deep Brain Stimulation
A digital stimulator was used (DS8000, WPI, Berlin, Germany) to apply DBS for 4 hours 
at100 Hz, 100 µA and 100 µs pulse width in awake, freely-moving rats. The different 
bilateral electrodes had separate stimulus isolators (DLS100, WPI, Berlin, Germany). 
No stimulation was performed for sham rats although they had cables attached to them. 
All rats were sacrificed 7 weeks after stimulation. Rats were also subjected to the Morris 
Water Maze before sacrifice; these results have been reported in a previous publication 
(20).
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Tissue collection
Pentobarbital overdose (Apotheek Faculteit Diergeneeskunde, Utrecht, The Netherlands) 
was used to sacrifice the rats 7 weeks after DBS. Transcardial perfusions with Tyrode 
buffer and Somogyi fixative containing picric acid, 4 % paraformaldehyde, PBS and 
glutaraldehyde were performed. The brains were stored in a fresh fixative (similar to 
Somogyi but lacking glutaraldehyde) at 4 °C for 2 h. Brains were thereafter conveyed to 
1% NaN3 at 4 °C for long-term storage.

For vibratome sectioning (Leica®, Wetzlar, Germany) brains were set in 10 % gelatin 
from porcine skin (Sigma-Aldrich, Zwijndrecht, The Netherlands). Subsequently, the 
brains were cut into 30 µm slices in the frontal plane and instantaneously stored in 1 % 
NaN3 at 4 °C.

Verification of  electrode placements
Sections that contained electrode indentations from all rats were mounted on 
gelatin-coated glass slides and stained with standard hematoxylin and eosin. Bright 
field microscopy was used for inspection of the sections and verification of electrode 
placements.

Immunohistochemistry
Four series of coronal sections containing the hippocampus were processed for 
immunohistochemical staining using the following primary antibodies: rabbit-anti-
p-CREB (1:200, Cell Signaling, Danvers, MA, USA), mouse-anti-synaptophysin 
(1:800; Jackson Immunolabs, West Grove, PA, USA), rabbit-anti BDNF (1:400, 
Millipore-Chemicon, Burlington, MA, USA) and mouse-anti- SV2 antibody (1:8000, 
Developmental Studies Hybridoma Bank, Iowa, USA).  We incubated sections with 
rabbit-anti-p-CREB for 3 nights at 4°C and with mouse-anti-synaptophysin, rabbit-anti 
BDNF and mouse-anti-SV2 for one night at 4 °C. Subsequently, brain sections were 
incubated with biotinylated donkey anti-rabbit (dilution 1:400) or donkey- anti- mouse 
(dilution 1:800; Jackson Immunolabs, West Grove, PA, USA) secondary antibody for 
one hour, followed by an ABC-step (avidin–biotin-peroxidase complex, diluted 1:800, 
Elite ABC-kit, Vestastatin, Burlingame, CA, USA). Sections were then incubated with 
DAB (3,30-diaminobenzidine tetrahydrochloride; synaptophysin and SV2 staining) 
together with nickel chloride intensification (p-CREB and BDNF staining). BDNF 
slides were also counterstained with hematoxylin. All slides were washed, dehydrated 
and coverslipped using Pertex (Histolab Products ab, Goteborg, Sweden).

Analysis of  immunoreactivity

p-CREB and BDNF
The number of p-CREB and BDNF positive cells was counted using the stereological 
procedure, optical fractionator. Counts were done using a motorized stage and a 
stereological computer microscopy system (Stereo Investigator, Microbrightfield 
Bioscience, Williston, VT) (27). The granule cell layer of the dentate gyrus and the 
pyramidal cell layer of the CA1 and CA3 were defined as the regions of interest. All 
p-CREB and BDNF positive cells in an average of four sections, 300 µm apart, were 
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counted with a 100x objective. The counting frame was set to 30 µm x 30 µm, while the 
grid size was 100 µm x 100 µm. The chosen brain sections extended from Bregma -3.1 
mm to Bregma -4.3 mm. The total number of positive cells was estimated as a function 
of the number of cells counted and the sampling probability (28).

Estimates of  the density of  SV2 and synaptophysin-immunoreactive 
presynaptic boutons 
The estimation of the density of SV2 and synaptophysin immunoreactive presynaptic 
boutons (SV2IPBs and SIPBs) followed the description of (Rutten et al., 2005) (29).  
All measurements were performed on a single focal plane. CellP (Olympus soft imaging 
solutions) imaging software with an Olympus AX70 microscope was used for the detection 
of SV2IPBs and SIPBs with a 100x oil objective (Olympus UplanApo, NA=1.35). In 
short, the area of interest was identified per image and thus, hippocampal neuropil was 
excluded from the analysis. To correct for microscope illumination irregularities, shading 
error correction was performed. The differential contrast enhancement filter (DCE) was 
used for the selective augmentation of weak differences in contrast. Detection threshold 
was maintained at the same level for all samples. Measurements were performed on five 
hippocampal sections per animal ranging from Bregma -3.1 to -4.3. In these sections, 
three randomly sampled areas of 5690 μm2 ± 215 μm2 for synaptophysin and 5890 
μm2 ± 17 μm2 for SV2 within the stratum radiatum of CA1, stratum lucidum of CA3 
and the stratum moleculare of the dentate gyrus were analyzed (Fig. 5). Analysis of 
immunoreactivity was made by calculating the mean grey value of SV2IPBs and SIPBs 
immunoreactivity within the region of interest divided by the number of all pixels. From 
these data, the SV2IPB or SIPB density per unit area (100 μm2) was calculated in each 
area.

Statistical analyses

SPSS (SPSS Inc., Chicago, IL, USA) was used to perform statistical analysis. Independent 
samples t-tests were used to analyze immunohistochemical findings. All p values< 0.05 
were considered to be statistically significant.

Results

Verification of  electrode placements
The DBS electrodes in sham and DBS animals were all placed in the vicinity of the 
fornix as can be seen in Fig. 1.
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Analysis of  immunoreactivity
P-CREB and BDNF are key mediators of activity-dependent processes in the brain that 
have a major impact on neuronal development and plasticity. To determine the effect of 
fornix DBS on the hippocampus, we have counted the number of p-CREB and BDNF 
positive cells in the CA1, CA3, and DG sub-region. There was no significant difference 
for the number of p-CREB positive cells between fornix DBS and sham rats in the CA1 
(sham: 50356 ± 8059; DBS: 50364 ± 18530; t(12) = 0.0, n.s.), CA3 (sham: 21270 ± 
3955; DBS: 23627 ± 4893; t(12) = 0.355, n.s.) and DG (sham: 241664 ± 22199; DBS: 
230417 ± 19433; t(12) = 0.381, n.s.; Fig. 2). When looking at the BDNF positive cells, 
there was also no significant difference between fornix DBS and sham animals in the 
CA1 (sham: 97619 ± 11817; DBS: 95647 ± 10655; t(12) = 0.123, n.s.), CA3 (sham: 
66838 ± 11754; DBS: 69341 ± 8274; t(12) = 0.18, n.s.) and DG (sham: 277830 ± 
32972; DBS: 292135 ± 29530; t(12) = 0.322, n.s.; Fig. 3).

In order to evaluate the effects of fornix DBS on the synapse, we have estimated the 
density of SV2-immunoreactive presynaptic boutons (SV2IPB) and synaptophysin-
immunoreactive presynaptic boutons (SIPB) per 100 μm2 in the stratum radiatum of 
CA1, stratum lucidum of CA3 and stratum moleculare of the DG.  We did not find 
any significant difference on the number of SV2IPBs in the stratum radiatum of CA1 
(sham: 48.5 ± 0.9; DBS: 49.9 ± 1; t(162) = -1.022, n.s.), stratum lucidum of CA3 
(sham: 40.7 ± 0.7; DBS: 39.7 ± 0.8; t(161) = 0.985, n.s.) and stratum moleculare of the 
DG (sham: 34.6 ± 0.8; DBS: 39.2 ± 0.9; t(161) = -1.949, n.s.; Fig. 4).

A significant decrease has been shown in the density of SIPBs per 100 μm2 in rats that 
were exposed to fornix DBS compared to sham rats in the stratum radiatum of CA1 
(sham: 53.2 ± 1.5; DBS: 48.3 ± 1.3; t(163) = 2.508, p < 0.02) and stratum lucidum of 
CA3 (sham: 39.3 ± 1; DBS: 33.6 ± 1; t(163) = 4.003, p < 0.001; Fig. 5 and 6).

There was no difference in the number of SIPBs between fornix DBS and sham in 
stratum moleculare of the DG (sham: 34.6 ± 1.3; DBS: 33.5 ± 1.3; t(163) = 0.597, n.s.).
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Bregma -1.8 mm

Bregma -1.9 mm

Bregma -1.7 mm

Figure 1: Histological evaluation of electrode tips. Anatomical locations of bilateral stimulation sites close to the fornix 
at bregma level (A) -1.70 mm, (B) -1.80 mm and (C) -1.90 mm. Sites were localized by microscopic examination of 
histologically prepared tissue. Black points indicate the tip of the electrodes.
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Figure 2: (A-B) Representative low-power photomicrographs (scale bar = 500 µm) of coronal brain sections stained for 
p-CREB showing the hippocampus of fornix DBS (A) and sham animals (B). The high-power photomicrograph insets 
in the lower left corner show the pyramidal cell layer of CA1 (scale bar = 50 µm). (C) Mean number of p-CREB positive 
cells in the CA1, CA3 and dentate gyrus (DG). There was no significant difference between fornix DBS and sham rats for 
p-CREB positive cells in the different subregions of the hippocampus. Data is presented as mean ± SEM.

Figure 3: (A-B) Representative low-power photomicrographs (scale bar = 500 µm) of coronal brain sections stained for 
BDNF and counterstained with Hematoxylin showing the hippocampus of fornix DBS (A) and sham animals (B). The 
high-power photomicrograph insets in the lower left corner show the pyramidal cell layer of CA1 (scale bar = 50 µm). 
(C) Mean number of BDNF positive cells double labeled with Hematoxylin in the CA1, CA3 and dentate gyrus (DG). 
There was no significant difference between fornix DBS and sham rats in the different subregions of the hippocampus. 
Data is presented as mean ± SEM.
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Figure 4: (A-B) Representative low-power photomicrographs (scale bar = 500 µm) of coronal brain sections stained for 
SV2 showing the hippocampus of fornix DBS (A) and sham animals (B). The high-power photomicrograph insets in 
the lower left corner show the stratum lucidum of CA3 (scale bar = 50 µm). (C) Analysis of the SV2- immunoreactive 
presynaptic boutons (SV2IPBs) density per 100 µm2 in the stratum moleculare of the DG, the stratum lucidum of the 
CA3 and the stratum radiatum of the CA1 revealed no significant difference between fornix DBS and sham rats. Data 
is presented as mean ± SEM.

Figure 5: Figure 5: Synaptophysin-immunoreactive presynaptic boutons in the hippocampus. A-C: representative images 
of the dorsal hippocampus at 10x (A) and the stratum lucidum of the CA3 subregion at 100x of a Fornix DBS rat (B) 
and Sham rat (C). In (D) we show the negative control. White rectangles in A represent sites at which high-magnification 
photomicrographs were taken for quantitative analysis of Synaptophysin-immunoreactive presynaptic boutons density 
(per section, 3 sites for the stratum moleculare, 3 for the stratum lucidum, and 3 for the stratum radiatum were analyzed). 
Scale bars represent 500 μm in A and 10 μm in B, C and D.
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Figure 6: Mean density of synaptophysin-immunoreactive presynaptic boutons (SIPBs) per 100 µm2 in the stratum 
moleculare of the DG, the stratum lucidum of the CA3 and the stratum radiatum of the CA1. There is a significant 
decrease of the SIPBs density per 100 µm2 in the stratum lucidum of the CA3 and the stratum radiatum of the CA1in 
rats that were exposed to DBS when compared to sham rats. Data is presented as mean ± SEM, * indicates p<0.05.

Discussion

In this study we have tested the hypothesis that beneficial effects of fornix DBS on memory 
(reported in Hescham et al., 2017) (20) can be explained by enhancing histological 
parameters on neuronal and synaptic plasticity. We did not find any differences for 
the number p-CREB and BDNF cells in the different hippocampal sub-regions for 
fornix DBS rats when compared to sham. BDNF is an important neuronal growth 
factor in the brain that promotes neuronal maturation and neurogenesis by activating 
CREB and protein kinase A. Both BDNF and p-CREB are therefore key factors in 
the regulation of hippocampal neurogenesis and improved cognition (30). In fact, the 
presence of p-CREB has been found in many new-born immature neurons within the 
subgranular zone of the DG (31-33), the olfactory bulbs and the subventricular zone 
(34, 35). Moreover, it has been described that CREB expression in the DG persists for 
3–21 days after cell generation and overlaps with doublecortin expression (30). The 
expression of p-CREB decreases with the emergence of mature neuronal markers such 
as calbindin and NeuN (34, 35). In our previous study, we have demonstrated improved 
cognition for fornix DBS rats when compared to sham 6.5 weeks after stimulation 
(20). We found that this effect was independent of neurogenesis, since there was no 
difference in the number of double-labled BrdU/NeuN cells between fornix DBS and 
sham animals in the subgranular zone of the DG (20). Not detecting any significant 
difference in hippocampal BDNF and p-CREB positive cells between the two groups is 
therefore in line with our previous findings. As mentioned above, it might be possible, 
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however, that the time frame of 7 weeks between stimulation and sacrifice was too long 
to detect any differences in p-CREB levels, since it was shown that p-CREB subsides in 
late maturation stages of neurons. Also, we have only investigated BDNF and p-CREB 
cells in the hippocampus in order to have a direct comparison to our previous results on 
BrdU/NeuN. It would be interesting to see whether fornix DBS might have an effect on 
the presence of BDNF and p-CREB in other neurogenic niches, such as the olfactory 
bulbs and the subventricular zone.

We also did not find a significant difference between fornix DBS and sham animals 
for the density of SV2IPBs in the hippocampus. SV2 is a transporter-like protein that 
is located in synaptic neurotransmitter-containing vesicles, binds synaptotagmin and 
is therefore involved in the regulated secretion of neurotransmitters from presynaptic 
neurons (36). In other words, SV2 modulates the expression, trafficking and stability 
of synaptotagmin, through which it regulates neurotransmitter release. Since we did 
not observe a difference in the number of hippocampal SV2IPBs between fornix DBS 
and sham animals despite improved cognition, we hypothesize that fornix DBS might 
only have immediate effects on neurotransmitter release, which cannot be detected at 
long-term.

Surprisingly, the density of SIPBs was significantly decreased in the CA1 and CA3 subfield 
of the hippocampus for fornix DBS rats when compared to sham. Synaptophysin and 
synaptotagmin are major integral membrane proteins localized to synaptic vesicles. As 
mentioned before, synaptotagmin plays a major role in neurotransmitter release (36). 
Synaptophysin, on the other hand, is thought to comprise part of the pore complex, 
which forms when the vesicle fuses with the presynaptic membrane. A decreased density 
of SIPBs is therefore indicative of reduced vesicle fusion at the presynapse. Although 
quantitative electron microscopy remains the only definitive means of determining 
synapse number, synaptophysin immunoreactivity provides a reliable marker of the 
synapse levels (37).

Recently, Gondard and colleagues have shown that fornix DBS significantly increases 
synaptophysin levels in the hippocampus (19). In their experiment, however, rats were 
stimulated for 1 hour and sacrificed at different time points (1 h, 2.5 h, 5 h, 25 h) after 
stimulation. These results therefore represent short-term effects of fornix DBS. Here, we 
have sacrificed animals 7 weeks after DBS and found decreased levels of synaptophysin 
in the hippocampus, despite improved cognition, indicating an activity-dependent 
reduction in synaptic strength or long-term depression (LTD) related mechanisms. Our 
findings appear to be contradictory to conventional knowledge in which the reduction 
of synapses affects the integrity of hippocampal connectivity and is highly associated to 
the magnitude of learning impairment (38, 39).

LTD is considered to be the fourth common criteria of synaptic plasticity together with 
long term potentiation (LTP), sensitization and sprouting of axon terminals.  Any aspect 
of prolonged depression in synaptic transmission or lowering of transmission efficacy is 
known as LTD (40). It has been shown that decreasing the synaptic efficacy or strength 
can play an important role in allowing the neuronal network to store information 
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more effectively (41-43). In particular, we have found decreased SIPBs in the stratum 
radiatum of CA1 and stratum lucidum of CA3. Studies using hippocampal slices have 
shown that acetylcholine can dramatically facilitate LTD (44) and depotentiation (45) 
in these regions. We have found before, that fornix DBS induces an acute increase 
of hippocampal acetylcholine (46). It might thus be possible, that acetylcholine can 
transiently facilitate hippocampal LTD following fornix DBS. This hypothesis, however, 
needs further investigation, because it remains questionable whether 4 h of stimulation 
and the associated transient acetylcholine release can indeed induce long-lasting effects 
(47). Since synaptophysin is localized at both types of excitatory and inhibitory neurons, 
electrophysiological recording might provide clarity, whether mechanisms are mediated 
by LTP or LTD.

To summarize, we have shown previously that the improved water-maze performance of 
fornix DBS rats was independent of neurogenesis (21). Based on our present findings, 
enhanced synaptic neuroplasticity is also not involved in the long-term memory effects 
following fornix DBS. It is possible that other neuroplasticity mechanisms might be 
involved, such as LTD. Further research is needed to reveal the exact pathways and 
mechanisms involved in this process.
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Abstract

Deep brain stimulation (DBS) has gained interest as a potential therapy for dementia. 
Recently, DBS of the nucleus basalis of Meynert (NBM) has been applied in patients 
with Alzheimer’s disease with the goal of improving or reducing the progression of 
memory loss. When structures of the memory circuitry are stimulated, DBS can enhance 
neural activity and improve performance in memory tasks. In the following study, 
we implanted bilateral electrodes at the level of the NBM in rats with experimental 
memory impairment and tested them in the object recognition task. Furthermore, to 
screen for anxiety related side-effects, the open field and the elevated zero maze were 
used. Intraperitoneal scopolamine injections 30 min before the first trial of the object 
recognition task were given to imitate memory impairment. Compared to the sham rats, 
DBS reversed the scopolamine effects and showed superior memory performance when 
applied intermittently (20sec ON, 40 sec OFF) at 20 Hz with a biphasic pulse shape. 
With these stimulation parameters, rats did not show anxiety-like behaviour in the open 
field and elevated zero maze, suggesting no potential side effects regarding anxiety levels 
or general motor activity. In conclusion, these findings show that intermittent DBS of 
the NBM not only have a good behavioral effect, but also have the ability to reverse the 
memory deficit induced by scopolamine.
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Introduction

Deep brain stimulation (DBS) is a minimally invasive procedure to deliver electrical 
impulses to specific targets of the brain (1). It affects the cortical and subcortical neuronal 
networks by stimulation, inhibition and disruption of the dysfunctional neuronal 
network activity (2). Clinically, DBS is an effective treatment in both neurological 
and psychiatric disorders (3, 4). The effect of DBS in memory impairment has also 
been investigated in animal models and in patients with Alzheimer’s disease (AD). In a 
randomised and controlled study with AD patients, DBS of the fornix was not able to 
improve memory functions significantly (5). These results raised the question whether 
the fornix is the most optimal target to restore memory loss.

In animal models, DBS of the fornix (6), entorhinal cortex (7), anterior thalamic 
nucleus (8), rostral intralaminar thalamic nucleus (ILN) (9) and the nucleus basalis 
of Meynert (NBM) (10) improve memory-related functions. NBM is an interesting 
target since DBS of the NBM has also been applied in patients with AD (11). The 
NBM is a rich cholinergic area (12, 13) and its degeneration leads to a decrease in 
cortical and hippocampal Acetylcholine (Ach) in patients with AD (14). Here, we have 
decided to explore the effect of DBS of the NBM in rats treated with scopolamine. 
Scopolamine induces cognitive impairment. Scopolamine is a muscarinic acetylcholine 
receptor antagonist which is known to impair memory functions (15, 16). The 
following stimulation settings were used: 20 Hz and 100 µA, biphasic pulse shape (280 
µs pulse width with 80 µs zero time), intermittent at 20 sec ON 40 sec OFF. The object 
recognition task (ORT) was used to assess memory performance. Potential behavioral 
side-effects (anxiety or general motor activity) were measured using the open field and 
the elevated zero maze.

Materials and Methods

Subjects
In this experiment 22 male Sprague–Dawley rats (Charles River, Sulzfeld, Germany) 
were used. Their weights ranged from 290g to 310g at the time of surgery. The rats’ 
environment was kept at a constant temperature of 21°C (± 1 °C). The light and dark 
cycle was reversed and maintained at 12:12 hours. Both the water supply and the rats’ 
food was available ad libitum. Each rat was housed individually. The animal experiments 
were performed in compliance with EU Directive project license number PV2016/014/
EU and were approved by the Animal Ethics Committee of Maastricht University.

Experimental groups 
The rats were randomly categorized into two different groups: nucleus basalis of Meynert 
(NBM) DBS group (n=13) and sham group (n=9). More rats were incorporated in the 
stimulation group, because if any animal in this group experienced acute side effects 
caused by DBS, electrodes loss or incorrect placement of the electrodes then the rat 
would be excluded from the study. 
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The surgical procedure
Electrodes used for DBS and the surgical method were reported in detail in another study 
(17-19). In brief, rats were anesthetized with isoflurane (IsoFlo®, Abbott Laboratories 
Ltd, Berkshire, Great Britain). Two burr holes were made for the implantation of 
bilateral DBS electrodes, at the level of the NBM (coordinates from the reference point 
bregma: AP: -1.32 mm; ML: 2.8 mm; DV: -7.4 mm) as illustrated in the rat brain atlas 
of Paxinos and Watson (20)). Two electrodes were implanted bilaterally in the NBM 
using rodent stereotactic framework equipment (Stoelting, Wood Dale, IL, USA, model 
51653). Dental cement (Paladur, Heraeus Kulzer GmbH, Hanau, Germany) was used 
to attach the construct permanently in both groups.

Drugs
Before the first trial of the object recognition task, each rat received an (i.p.) injection 
of saline (0.9% NaCl) or 0.1 mg/kg (in 1 ml/kg) of scopolamine hydrobromide (Acros 
Organics BVBA, Geel, Belgium).

Deep Brain Stimulation 
Deep brain stimulation was delivered using a digital stimulator instrument (DS8000, 
WPI, Berlin, Germany) to deliver: 20 Hz and 100 µA in a biphasic pulse shape (total 
pulse width was 280 µs with 80 µs zero time) and intermittent at 20 sec ON 40 sec 
OFF. Separate stimulus isolators were used (DLS100, WPI, Berlin, Germany) for the 
electrodes. The sham rats were attached to the cable, but no stimulation was performed 
on them. The start of the stimulation began 5 minutes before the test and the stimulation 
continued for the whole length of each test period. All rats were tested in the Object 
Recognition Task (ORT), Open Field (OF) and Elevated Zero Maze (EZM).

Behavioral testing

Object Recognition Task 
The apparatus of the object recognition task consisted of a circular arena which was 83 
cm in diameter, with 40 cm high walls divided into a transparent polyvinyl chloride half 
and a grey polyvinyl chloride half. 

To prevent the particular preference for particular objects or locations, all objects were 
presented to each rat in a counterbalanced order. The objects used in the task were: (A) 
Two glass bottles that were 22 cm in height and 10 cm in diameter and they were filled 
to capacity with water (about 1 litre). (B) Two grey polyvinyl chloride cones that were 
(16 cm in height, with a base diameter of 18 cm) with a neckband top diameter of 5.0 
cm, which were made of aluminium. (C) Two metal cubes whose dimensions were 5 cm 
x 7.5 cm with a height of 10 cm. (D) Two ‘bullet shaped’ aluminium cubes with a total 
height of 13 cm, which was tapered at the top. The base was 8 cm length and width and 
there was an indentation between the base and the rest of the cube (21).

Two identical objects were placed in the arena in the first trial (T1) and each rat was 
placed in the arena facing the wall and given an exploration time of 3 minutes to 
investigate both objects. Rats in the NBM DBS group were stimulated 5 min before 
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as well as throughout T1, while sham rats were attached to cables with no stimulation. 
Each rat started to move freely to explore the two objects inside the arena. A 70% 
ethanol solution was used to clean each object before placing any rat in the arena, to 
avoid any smelling cue which might affect the exploration time. One hour after T1, the 
second trial (T2) was started in which each rat was placed in the arena for 3 minutes to 
investigate two objects: one object which had been used previously in T1 and another 
new object. The rats of NBM DBS group were again stimulated for 5 minutes before 
the trial and during T2. Each rat of the sham group was connected to the cable and 
underwent the same procedure, but no stimulation was performed on them.

The time needed for each rat to explore the object in T1and T2 was manually monitored 
using a personal computer. The performance calculation was measured by: time spent at 
familiar object, subtracted from the time spent with the new object. This number was 
then divided by the sum of the total exploration time in T2. Side bias was determined 
by the time spent at the left or right object, which was independent of the new or old 
position of the object. 

Open Field 
The square arena of the OF consists of walls of 40 cm in height and dimensions of 100cm 
width x 100 cm length. The tracking system of the OF behaviour was done in a semi 
dark condition for each rat, using a tracking software (Ethovision, Noldus Information 
Technology, Wageningen, The Netherlands). On the computer, the arena is divided 
manually into corners (20 x 20 cm), walls and centre. The OF trial duration lasted 5 
minutes and each rat was stimulated, with the stimulation parameters mentioned above. 
The stimulation started 5 minutes before placing the rat into the arena, and afterwards 
each rat was placed freely into the arena for 5 minutes to explore.

Elevated Zero Maze
The elevated zero maze is a circular pathway which is 98 cm in diameter with a path 
width of 10 cm and is placed 70 cm above floor level. It is divided equally into two 
opposite open and two opposite enclosed parts with 50 cm high side walls. A 7 mm 
high edge surrounds the open parts to prevent falls. The abovementioned stimulation 
parameters were applied to the NBM DBS rats group. The Elevated Zero Maze trial lasts 
5 minutes and each rat received 5 minutes of stimulation before and during the trial 
while the sham group stayed connected to the cable without stimulation. Ethovision 
tracking software was used to track the time spent either in the open runway path or the 
enclosed path for each rat.

Tissue collection
Both the NBM DBS and the sham rats were sacrificed by using a Pentobarbital overdose 
(Apotheek Faculteit Diergeneeskunde, Utrecht, The Netherlands). Transcardial perfusion 
with Tyrode buffer and Somogyi fixative containing picric acid, paraformaldehyde, 
PBS and glutaraldehyde were performed. A fresh fixative (Somogyi solution without 
glutaraldehyde) was used for 2 h to store the brains at 4 °C. For long-term storage, the 
brains were transferred to 1% NaN3 and stored at 4 °C. The brains were imbedded in 
10 % gelatin from porcine skin (Sigma-Aldrich, Zwijndrecht, The Netherlands) for 
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vibratome sectioning (Leica®, Wetzlar, Germany). After that, the brains were cut into 30 
µm slices in the frontal plane and stored in 1 % NaN3 at 4 °C.

Verification of  electrode placements
Brain sections with electrode indentations from all rats were mounted on gelatin-coated 
glass slides and stained with standard hematoxylin and eosin. Bright field microscopy 
was used for inspection and the verification of electrode placements (Figure 1).

Statistical analysis
Statistical analysis was performed using SPSS (SPSS Inc., Chicago, IL, USA). An 
independent samples t-test was used to analyze behavioral findings. All p values <0.05 
were considered to be statistically significant.

Figure 1: Anatomical locations of bilateral stimulation 
sites in (A), (B) and (C) close to the NBM at bregma 
levels -1.20 mm, -1.32 mm and -1.44 mm. The sites were 
localized by microscopic examination of the tissue. The 
black points indicate the tip of the electrodes. The red 
circles in (D) indicate the tips of the electrode close to 
the NBM at bregma level -1.32 mm. (Scale bar = 1 mm)
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Results

Object Recognition Task (ORT) 
When analyzing the exploration levels of the first and second trial in the vehicle (saline) 
condition by independent samples t-test, both sham and NBM stimulated rats had 
similar performance rates (t(16) = -1.74, n.s.). With scopolamine injection, sham rats 
did not discriminate between the familiar and novel object. Rats of the NBM DBS 
group also received scopolamine injections, but were stimulated at 20 Hz and 100 
µA with a biphasic pulse shape (total pulse width was 280 µs with 80 µs zero time) 
and  intermittent at 20 sec ON 40 sec OFF. In this condition, NBM DBS rats showed 
restored memory performance when compared to sham (t(16) = -2.52, p = 0.02, Fig. 2).

Figure 2: Ratio of time spent at novel vs. familiar object for sham and NBM DBS groups. Rats were tested on two 
separate days with randomized saline or scopolamine injections. Only scopolamine injected rats of the NBM DBS group 
received stimulation. With saline injection, all animals showed intact recognition memory with no significant difference 
between both groups. When scopolamine was injected in sham and NBM DBS animals, there was a significant difference 
between the groups in recognition memory performance. NBM DBS rats spent significantly more time at the new object 
when compared to sham. * indicates p < 0.05. Data represents mean ± S.E.M.

Open Field 
When analyzing the Open Field with an independent samples t-test, we found no 
significant difference for time spent in corners (t(17) = 0.383, n.s.), walls (t(17) = 0.84, 
n.s.) and center (t(17) = -1.421, n.s., Fig. 3) between NBM DBS groups and sham 
operated animals. Also, the total distance moved did not differ between the groups 
(t(17) = -0.309, n.s., data not shown).

Majed Aldehri inhoud V6 kleur.indd   65Majed Aldehri inhoud V6 kleur.indd   65 7-7-2020   10:12:407-7-2020   10:12:40



Chapter 4

66

Figure 3: Time spent in the open field between NBM DBS groups and sham operated animals. There was no significant 
difference between the groups for time spent at center, walls and corners. . Data represents mean ± S.E.M. 

Elevated Zero Maze
When analyzing the elevated zero maze by an independent samples t-test, we found no 
significant difference for the time spent in the closed arm (t(17) = 0.885, n.s.) or open 
arm (t(17) = -0.885, n.s. Fig. 4) of the elevated zero maze between NBM DBS groups 
and sham operated animals. 

Figure 4: Time spent in the Elevated Zero Maze between NBM DBS groups and sham operated animals. There was no 
significant difference between the groups for time spent in closed arm and open arm. Data represents mean ± S.E.M.

Discussion

Our results showed that NBM DBS rats restored memory function (p = 0.02) when 
compared to sham rats in the object recognition task. While in the anxiety-like behaviour 
tasks, the open field task and elevated zero maze, no significant difference was observed 
between the two groups. Our findings represent that intermittent DBS of the NBM 
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imitate memory impairment induced by scopolamine in a rat model of experimental 
dementia. 

AD is the most common form of dementia (21). It is characterized by a series of cortical 
and subcortical glutamatergic neuronal abnormalities (22, 23). These abnormalities affect 
both, the memory circuits and the basal forebrain cholinergic systems (24), resulting in 
several clinical consequences such as attention deficits and memory impairments (25). 
In our study, we made a cholinergic amnesia rat model by injecting scopolamine to 
impair memory functions. It has been reported that memory and learning is affected 
after scopolamine administration in rats models (16). We know that the model used in 
our study lacks the AD-specific pathology of the advanced nature of the disease, as it is 
found in humans. One of the mechanisms of action of DBS might be increased release 
of Ach (26). It may also be possible is to induce neurogenesis in the hippocampal dental 
gyrus and to improve performance in cognitive tasks (27). NBM DBS is a potential 
target for AD patients because it has cholinergic projections to the hippocampus and 
neocortex (24). In AD, NBM degenerates, which results in the reduction of cholinergic 
transmission, and there is a decline of cognition in patients (28). Our findings identify 
that intermittent stimulation of NBM region showed a significant improvement 
in memory performance. Using tailored stimulation parameters, DBS of this region 
reversed impaired memory induced by scopolamine administration. Stimulation of 
parts of the limbic system such as the periaqueductal grey, amygdala and hypothalamus 
can induce fear and anxiety in animals (29), but in our study, we found no side-effects 
on locomotion or any anxiety-related behaviours when tested with the OF and EZM. 
Stimulation of the nucleus accumbens can also induce fear and anxiety but this side 
effect has only been found in humans (30).

To our knowledge, only two studies investigating DBS with the NBM in non- human 
primates treated with scopolamine have been published. In the first study, bilateral 
continuous DBS of the NBM impaired the memory performance in delayed matching 
to the sample task at 80Hz compared to the control group. The intermittent bilateral 
stimulation paradigm of 20 a sec on and 40 sec off cycle to the NBM, with a biphasic 
unipolar stimulation of 60 Hz with 200 µA at 100 µs, improved the working memory 
performance when compared to control animals, which is in line with the results 
observed in this study (31). In the second study, the same research group reported that 
adult monkeys with bilateral intermittent DBS of NBM, with biphasic stimulation of 
60 Hz with 200 µA at 100 µs, showed improved sustained attention when compared to 
the control group with continuous performance task (32). Although sustained attention 
was not examined in this study, we would propose for this to be further investigated in 
the future.

Conclusion

Intermittent DBS of the NBM is able to reverse memory impairment induced by 
scopolamine. These findings stress the clinical relevance of exploring the NBM 
neuromodulation with non-conventional stimulation paradigms.
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Abstract

Deep brain stimulation (DBS) of the nucleus basalis of Meynert (NBM) has been 
suggested as a potential treatment for patients with Alzheimer’s disease. In a previous 
study, we have shown that DBS of the NBM improves memory impairment. The 
mechanism of action is largely unknown and involvement of hippocampal plasticity 
has been suggested. Here, we tested the hypothesis that DBS of the NBM increases the 
formation of new cells in the dentate gyrus of the hippocampus. Rats were injected with 
the thymidine analogue bromodeoxyuridine (BrdU) after NBM DBS, and all animals 
were perfused 6 weeks later. We found a significant increase of the BrdU positive cells 
in the NBM DBS group when compared to sham animals. DBS of the NBM enhances 
cell proliferation in the hippocampus.
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Introduction

Deep brain stimulation (DBS) is a procedure that targets a specific brain area, using an 
electrode connected with a pulse generator, to deliver electrical impulses (1). Currently 
it has been estimated that there are more than 160,000 patients worldwide, suffering 
from neurological and psychiatric disorders e.g. Parkinson disease (PD) and obsessive-
compulsive disorder (OCD) who are treated with DBS (2, 3). DBS of the nucleus 
basalis of Meynert (NBM) (4, 5) and fornix (6) is used as a potential treatment for 
patients with mild Alzheimer’s disease (AD). The mechanism of action of DBS is largely 
unknown, but a link with neurogenesis has been suggested.

Neurogenesis occurs in the hippocampal dentate gyrus and aids in learning and memory 
formation (7). In preclinical studies, two weeks of bilateral forniceal DBS, 1 hour per 
day, enhanced neurogenesis in the hippocampal dentate gyrus in a mouse model of 
Rett syndrome (8). Unilateral DBS of the anteromedial thalamic nucleus for 1 hour 
resulted in ipsilateral hippocampal dentate gyrus neurogenesis when compared to the 
contralateral side and to sham-treated rats (9). Bilateral DBS to the entorhinal cortex 
for 1 hour increased proliferation in the dentate gyrus of the hippocampus after 6.5 
weeks (10). Bilateral DBS for 1 hour of the anterior thalamic nucleus (ATN) increased 
hippocampal neurogenesis in the dentate gyrus of rats (11, 12).

In our previous study, DBS of the NBM with intermittent DBS was able to reverse 
scopolamine-induced memory-impairment in rats. In order to explore the long-term 
effect on hippocampal neurogenesis, we administered 5-bromo-2’-deoxyuridine (BrdU) 
after NBM DBS. The following stimulation settings were used: 20 Hz and 100 µA, 
biphasic pulse shape (280 µs pulse width with 80 µs zero time), intermittent at 20 sec 
ON 40 sec OFF. 

Materials and Methods

Subjects
Twenty-two male Sprague–Dawley rats were used for this experiment (Charles River, 
Sulzfeld, Germany). At the time of the surgical procedure, they ranged from 290g to 
310g in weight. Each rat was caged individually in a constant temperature environment 
of 21°C (± 1 °C). They had access to food and water ad libitum and their light and 
dark cycle was reversed and maintained at 12:12 hours. The Animal Ethics Committee 
of Maastricht University approved the license for the animal experiments, which is in 
compliance with the EU Directive.

Experimental groups 
The rats were divided in a random categorised order into a NBM stimulated group 
of (n=13) and a sham group of (n=9). More rats were incorporated in the stimulation 
group because any animal that lost its electrode or showed any acute stimulation side 
effect like seizures was excluded from the study.
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The surgical procedure
The surgical procedure as well as the electrodes used for DBS were described in detail 
in our previous studies (13-15). In short, the general anaesthesia isoflurane (IsoFlo®, 
Abbott Laboratories Ltd, Berkshire, Great Britain) was used to anesthetize all rats. The 
two electrodes were implanted bilaterally at the level of the NBM, after drilling two burr 
holes in the rats’ skulls, as illustrated in the rat brain atlas of Paxinos and Watson (16). 
The surgical procedure has been described in Chapter 4. Rodent stereotactic framework 
apparatus (Stoelting, Wood Dale, IL, USA, model 51653) was used to implant two 
electrodes in the NBM bilaterally. The construct was attached permanently in both rat 
groups using dental cement (Paladur, Heraeus Kulzer GmbH, Hanau, Germany).

Deep Brain Stimulation 
Digital stimulator equipment (DS8000, WPI, Berlin, Germany) was used to deliver 4 h 
of an intermittent deep brain stimulation at 20 sec ON 40 sec OFF, 20 Hz and 100 µA 
in a biphasic pulse shape (total pulse width was 280 µs with 80 µs zero time). Separate 
stimulus isolators were used (DLS100, WPI, Berlin, Germany) for the electrodes. The 
cable was attached to the sham rats but they were not stimulated.

BrdU labeling 
BrdU is an exogenous marker to study the production of new cell production (17) after 
DBS. BrdU (Sigma-Aldrich) was dissolved in 0.9% NaCl with (pH 7.6) at 8 mg/ml. To 
detect the effect of DBS on cell proliferation, BrdU was administered intraperitoneally 
at 50mg/kg 3 days after the stimulation, two injections per day (8 h apart) for three 
sequential days. A detailed description, of the chosen interval of BrdU injection after 
DBS, can be found in our previous study (18).

Tissue collection
Pentobarbital overdose (Apotheek Faculteit Diergeneeskunde, Utrecht, The Netherlands) 
was used to sacrifice both the NBM DBS and the sham rats. A Tyrode buffer, a Somogyi 
fixative containing picric acid, a 4 % solution of paraformaldehyde, a PBS and a 
glutaraldehyde were used for both groups for transcardial perfusion. The complete 
brains were freshly fixated (Somogyi-like puffer without glutaraldehyde) for 2 h and 
after that; the brains were embedded to 1% NaN3 and stored at 4 °C. Gelatin from 
porcine skin (Sigma-Aldrich, Zwijndrecht, The Netherlands) was used for embedment 
in order to section the brains frontal plane with vibratome (Leica®, Wetzlar, Germany) 
into 30 µm slices and the brains were then stored in 1 % NaN3 at 4 °C.

Immunohistochemistry 
The stained sections of six rats from the NBM stimulated group and six sham animals, 
containing the hippocampal formation, were randomly chosen for a comparative 
statistical analysis. The method of cell counting has been described in detail in our 
previous study (18, 19). In brief, six coronal sections for each rat were used for 
immunofluorescent BrdU staining. DNA denaturability, which was required for BrdU 
accessibility by antibodies (20), was carried out by incubating the sections for 2 h in 
50 % formamide at 65 °C. Subsequently, there was a washing step at 37 °C followed 
by a blocking step in 2N HCL for 30 min. Sections were then incubated overnight 
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at 4 °C with monoclonal mouse anti-BrdU (1:1000; Sigma-Aldrich, Zwijndrecht, 
Netherlands). Afterwards, a biotinylated donkey-anti-rat secondary antibody (1:100; 
Jackson Immunoresearch Laboratories Inc., Westgrove, USA) was applied, followed by 
streptavidin alexa 647 (1:1000 Invitrogen, Carlsbad, CA). Incubation overnight at 4 °C 
was followed with biotinylated NeuN (1:50; Chemicon, Temecula, CA). Afterwards, a 
donkey-anti-mouse alexa 488 secondary antibody (1:100 Invitrogen, Carlsbad, CA) was 
incubated for 2 h. Finally, all sections were washed, mounted and coverslipped using 
80% glycerol.

The hippocampal dental gyrus BrdU positive cells have been used for counting using the 
stereological procedure. A microscope with motorized stage was used for cell counting 
(Olympus® BX51W1). StereoInvestigator software (MicroBrightField, Williston, VT), 
was used to define the region of interest for the hippocampal granule cell layer of the 
dentate gyrus. Using nuclear fractionator probe, all BrdU positive cells were counted 
with a 60X objective lens with an average of 6 sections, 300 μm apart. The brain sections 
extending from bregma -3.1 mm to bregma -4.9 mm were chosen and the total number 
of positive cells was estimated as a function of the number of cells counted and the 
sampling probability (21).

Verification of  electrode placements 
One series of brain sections per animal, were mounted on slides coated with gelatin and 
the electrode indentations from all rats were stained with standard hematoxylin and 
eosin. Electrode placements were verified and inspected using a bright field microscope.

Statistical analyses 
Statistical analysis was performed using SPSS (SPSS Inc., Chicago, IL, USA). In addition 
to this, independent sample t-tests were used to analyze the mean number of BrdU total 
cell counts. All p values <0.05 were considered to be statistically significant.

Results:

Electrode location
The DBS electrode locations, in both sham and stimulated groups, were placed bilaterally 
at the level of the NBM as illustrated in Figure 1. 

Majed Aldehri inhoud V6 kleur.indd   77Majed Aldehri inhoud V6 kleur.indd   77 7-7-2020   10:12:417-7-2020   10:12:41



Chapter 5

78

Figure 1: Typical location of bilateral stimulation sites close to the NBM at bregma level -1.32 mm. The black points 
indicate the tip of the electrode. Scale bar = 1 mm).

BrdU cell counts 
In the dentate gyrus, the average of BrdU positive cell count in the NBM DBS group 
was: 71517 ± 9605 cells. In the sham animals the average cell count was: 27538 ± 2389 
cells. There was a significant increase in the number of the BrdU total cell counts in 
rats that were exposed to NBM DBS when compared to the sham (t(22) = -4.443, p < 
0.001, Fig. 2). 

Figure 2: (A-B) Hippocampal dental gyrus (DG) BrdU staining represent low-power photomicrographs coronal brain 
section (scale bar = 200 µm) showing NBM DBS (A) and sham (B). The high-power photomicrograph insets in the lower 
left corner show the granular cell layer of DG (scale bar = 50 µm).  (C) Graph analysis of the mean number of BrdU total 
cell counts in the DG. There is a significant increase of the BrdU total cell counts of the NBM DBS rats when compared 
to the sham group. Data is presented as mean ± SEM, * indicates p<0.05.
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Discussion

Our results show that DBS of the NBM increased the number of BrdU positive cells in 
the hippocampus. We found a significant increase of BrdU-labelled cells in the DG in 
stimulated animals compared to animals of the sham group. This finding is in line with 
other preclinical studies investigating plasticity related mechanisms in response to DBS 
of different brain areas including entorhinal cortex (10, 22), anterior thalamic nucleus 
(9, 11, 12) and fornix (in animal model of Rett syndrome) (8). DBS has an effect on 
neuroplasticity. Whether this is one of the key mechanisms mediating the therapeutic 
effects of DBS or an epiphenomenon, is still a subject of debate. 

The formation of new cells is a continuous phenomenon throughout the life span. In 
the brain, there are two common areas where this takes place, the subventricular zone 
of the lateral ventricle and in the subgranular zone of the DG. Neurogenesis involves 
cell proliferation, specification, migration, maturation, and functional and synaptic 
integration of the newly born neurons into existing CNS circuits. DNA replication in 
the S-phase of the cell cycle can be detected based on incorporation of nucleotide during 
DNA replication by immunohistochemistry markers with [H³]-thymidine or synthetic 
thymidine analogue BrdU, and can be analyzed quantitatively (23).

Our previous study showed that fornix DBS was not causing neuroplasticity related 
changes. The designed timeline between the beginning of stimulation until sacrifice 
was 7 weeks and that period might be too long to assess the hippocampal differences 
between stimulated and sham groups. The Water maze was performed, six weeks after 
the injection of BrdU the cell proliferation markers and one week prior to perfusion, 
and revealed a better memory performance in the stimulated group when compared 
to sham (18). Brain sections obtained from fornix DBS rats (14) were stained with 
the neuronal precursor cell markers double-cortin and showed increased double-cortin 
numbers in the DG (18). These findings are in line with findings form studies with DBS 
of the anterior thalamic nucleus (11, 12, 24) and DBS of the entorhinal cortex (10).

Like most studies, our study has certain limitations. One limitation is that the cell 
proliferation marker Ki-67 has not been used. Ki-67 is a protein that can be detected 
during the active phase of cell division cycle (G₁, S, and G₂) and during mitosis. 
The antigen of Ki-67 is located in the cell nucleus of G₁, S, and G₂ which determine 
the growth fraction of the cell population while during mitosis, the Ki-67 antigen is 
relocated to the chromosome surface. The Ki-67 protein is used as a tumor (malignant 
neoplasm) diagnostic marker as well as a cell proliferation marker, while its functional 
role during cell proliferation is relatively unknown. That is to say, the Ki-67 protein can 
only give information about the state of the tumor or the state of cell proliferation but 
it is not sufficient to describe the tumor growth nor describe the rate of cell proliferation 
(25).The application a Ki-67 staining would have helped us to understand the changes 
in cell proliferation.  Future work should also include markers of cell migration like 
double-cortin, differentiation into glia and neurons and eventually also markers of cell 
death, survival and functionality. 
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Conclusion

Our findings show that DBS of the NBM increased the formation of newly formed 
cells in the hippocampus which might contribute to one of the mechanisms of DBS-
mediated behavioural effects.
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In this thesis, I have generated data to fill some of the knowledge gaps in the field of deep 
brain stimulation (DBS) in dementia/cognitive impairment/Alzheimer’s disease (AD). It is 
impossible to generate a large amount of data during a PhD research period. I have tried to 
contribute to the big puzzle with a piece of new knowledge. I have provided an overview of 
the current state of knowledge of the potential mechanisms of action of DBS in both rodent 
models and human patients on learning and memory (Chapter 2). The two potential clinical 
targets of DBS in AD are the fornix and the nucleus basalis of Meynert (NBM). Functional 
imaging (positron emission tomography (PET) scans) showed that DBS can normalize the 
glucose metabolism of both parietal and temporal lobes in patients with AD. Preclinical 
animal model studies in the past years have guided researchers in understanding the neural 
circuitry, which helps in exploring different potential targets for DBS. In addition to the 
promising cognitive improvement of the aforementioned two target areas, DBS is safe, well 
tolerated and cost-effective in patients diagnosed with early stage AD. Preclinical studies 
were extensively aimed at understanding the potential underlying mechanisms of action of 
DBS on learning and memory. A recent preclinical study in mice model of AD has shown 
that chronic bilateral high frequency DBS (130 Hz, 50 µA50, 90 µs, for 7 h per day for 
25 days) in the entorhinal cortex (EC) improves memory performance in the Morris water 
maze (MWM) task, the object location and the novel object recognition tasks compared 
to non-stimulated mice. In addition, DBS of EC induces neurogenesis in dentate gyrus 
(DG) and interferes with pathological protein markers of AD, for instance, a reduction 
of expression of the β-amyloid (Aβ) plaque numbers in frontal cortex and subiculum 
region with a reduction of hippocampal and cortical total-tau neurofibrillary tangles (1). 
The main challenge that might face the scientist is in translating the positive results of 
preclinical studies into human evidence-based outcomes. In randomized and controlled 
clinical trial studies with AD patients, DBS of the fornix was not able to improve memory 
function significantly when compared with control groups (2). Possible mechanisms of 
action elaborated in enhancing memory functions by DBS include long-term structural 
plasticity, within the circuit of Papez, including hippocampal volume enlargement as well 
as enhanced hippocampal acetylcholine (Ach) neurotransmitter release, neurogenesis, 
enhanced synaptic plasticity (3), growth factors release, neurotransmitter respecification 
and long term potentiation (4). 

Because of our systematic literature review, we came up with a conclusion that more 
preclinical research is still needed to clarify the memory enhancement effect of DBS on 
the underlying behavioral and neuronal substrate based on the potential clinical targets of 
DBS in AD patients. We have previously presented significant long-term enhancement in 
WMW performance independent of hippocampal neurogenesis 7 weeks after getting 4-h 
of fornix DBS in wild type (WT) rats when compared to sham subjects (5). Therefore, 
in this thesis we further investigated the long-term synaptic changes associated with 
spatial memory enhancement in the MWM task. In the literature review, we also include 
the preclinical and clinical therapeutic trials of the use of DBS for treating AD patients 
targeting the cholinergic NBM. Since cortical and hippocampal NBM projections play 
an important role in memory enhancement in human and animal models, we decided 
to increase our understanding of memory restoration in the experimental rat model of 
dementia using new tailored stimulation parameters of NBM DBS. Behavioral assessments 
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and the potential neurogenic mechanism of action were investigated following the new 
intermittent stimulation paradigm.

In this thesis, we aim to generate the potential mechanism of action of different DBS 
settings and targets for memory restoration in both human and animal studies (3). 
The major neuropathological effect of AD is the synaptic dysfunction. It interrupts the 
circuitry of the brain activity which is engaged in cognitive function (1, 6). Gondard and 
his colleagues analysed short-term changes of acute fornix DBS in rats which occurred 
with hippocampal rises in GAP-34 and synaptophysin (7). In the present thesis, we try to 
ascertain whether acute fornix DBS can provide a long-term effect on synaptic plasticity, 
7 weeks after stimulation cessation. The only significant result of different hippocampal 
synaptic proteins was the reduction of synaptophysin level in the stimulated rat group 
compared to sham subjects, despite the long-term behavioural improvement in the 
MWM special memory task (5). Such a synaptic plasticity phenomenon can be explained 
as long-term depression (LTD) related mechanisms which will be further discussed later 
in this chapter (8). In experimental non-human primate models of dementia, Liu et al. 
found that intermittent NBM DBD improve working memory and sustained attention 
performance (9, 10). We aim in this thesis to investigate the behavioral and the neurogenic 
effects of intermittent NBM DBS in a rat model of experimental dementia (chapter 4 and 
5). Further questions are raised regarding the short- and long-term hippocampal synaptic 
plasticity mechanism of intermittent NBM DBD. In addition, the question needed to 
be addressed is the effect of intermittent NBM DBD on the molecular mechanisms of 
hippocampal functioning. Moreover, the structural plasticity was shown to varying degrees 
in both human and animal studies in response to fornix, thalamic and prefrontal cortex 
DBS (11-14); the same structural plasticity question can be raised in future studies in 
response to intermittent NBM DBD, which might provide new insights of the effects of 
DBS.

DBS in AD has a different underlying mechanism of actions.

1. Long-term structural plasticity: In 2015, clinical study of chronic high frequency 
fornix DBS in AD patients for one year resulted in hippocampal growth within the 
circuit of Papez in two out six patients who are receiving DBS (11). In the animal 
study, high frequency rostral intralaminar thalamic nucleus (ILN) DBS in rats for 
30 minutes enhances cortical and hippocampal structural changes in comparison to 
control animals (12). In AD mice model, high frequency fornix DBS for one hour 
(using costumed MRI compatible with a carbon-based electrode) and followed by 
six weeks follow-up resulted in 20% significant larger volumetric changes relative to 
the baseline in different brain areas. Higher volumetric change have been seen in (R 
superior colliculus, L dorsal subiculum, R posterior thalamus and R cerebral peduncle) 
in comparison to sham subjects. These volumetric changes were also observed 
bilaterally by sex-specific in male stimulated mice (cingulate cortex areas 24 & 32, 
primary and secondary motor cortices) in comparison to female stimulated mice. A 
gigantocellular reticular nucleus was observed larger in volume in female stimulated 
mice than sham counterparts (13). In naïve C57BI/6 mice, bilateral high frequency 
ventromedial prefrontal cortex (VMPFC) DBS, 6 hours a day for five days, resulted in 
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hippocampal volumetric expansion with increase in hippocampal and cerebral blood 
vessel (flow and diameter) compared to sham and control animals (14).

2. Cellular plasticity (Neurogenesis): A recent paper showed that one hour a day 
of unilateral forniceal DBS delivered for at least two weeks, enhanced granular cell 
proliferation of DG in mice hippocampi in a model of Rett syndrome (15). An 
experimental study involving the effect of acute unilateral DBS for 1 hour to the 
anteromedial thalamic nucleus (AMN) resulted in ipsilateral hippocampal DG 
neurogenesis when compared to contralateral side or sham-treated rats (16). In 
addition, acute 1 hour bilateral DBS to EC increased the granular cell’s proliferation of 
the mice hippocampal DG after 6.5 weeks (17). Moreover, increased rats hippocampal 
neurogenesis in the DG have been found after bilateral anterior thalamic nucleus 
(ATN) DBS for 1 hour (18, 19). Pohodich et al. (2018) reported that acute unilateral 
forniceal DBS increases protein level expression involved in synaptic function in 
response to stimuli and upregulates gene activity involved in neurogenesis in healthy 
WT mice hippocampi. These improvements associated with increase the genes that are 
usually downregulated in a Rett syndrome mice models and other intellectual disability 
disorders. That is to say, DBS enhances genes involved in apoptosis regulation in order 
to support the DG cell survival of existing mature granular neurons; as well as enhances 
genes involved in newly formed neurons in the sub-granular zone (SGZ) (20).

3. Neurochemistry: An animal study reported by Hescham and her colleagues (2016), 
has shown that one hour of acute bilateral forniceal DBS in rats with a microdialysis 
probe, directed to the dorsal hippocampus for neurotransmitters monitoring, 
revealed an increase in Ach release after 20 minutes of stimulation while hippocampal 
glutamate levels were not affected by stimulation (3, 21). In line with this observation, 
the evaluation of applying acute unilateral and bilateral DBS to NBM has shown 
an ipsilateral parietal lobe enhancement (22) and bilateral somatosensory cortex 
elevation (23) in Ach release, respectively, using cortical microdialysis probe in rat 
animals. Of note, its important role in learning and memory, Ach usually potentiates 
new memories encoding and coordinates synaptic network responses, as well as its role 
in neural plasticity facilitation (24-26).

The rationale of using animal models for scientific or educational purposes is for the 
advancement of humanity and environment (27). Since 1870, animal research has gained 
its importance academic morality by increasing the number of practical researches tackling 
the wide-ranging biological problems and generating new scientific practices and developing 
new theories (28). In modern science, developing any chemical, pharmaceutical, or 
technical human products are required to be preceded by systematic research and feasible 
design of animal testing studies. The statistically predicted benefits of these scientific 
research strategies must outweigh/outbalance the harm/discomfort involved to animals 
(29). Because animal functioning largely resemble human functioning, any knowledge 
gained from animals may be applied to profit human health, medicine, science and 
economics. In the European Union in 2011, 75% of animals used for scientific purposes 
were mice (61%) whereas rat models were about (14%) (30). The disease complexity 
related to clinical trials, can be translated into animal models or vice versa through for 
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instance, genetic modification of AD animal models with different phenotypes or different 
strains and compared with healthy control or sham operated control for short- or long-
term period of time. That is to say, the rationality of animal models, e.g. in vitro or in 
vivo, as a translator of human response is determined by how closely the model is similar 
to human for the specific features being explored (27). In our preclinical studies, we 
used WT rats to investigate the role of scopolamine, a muscarinic antagonist drug to 
induce experimental models of dementia (31). Thus, low tolerated administration dose 
of scopolamine 0.1mg/kg in rats (32) provides tolerable drug effects such as: short-term 
memory, locomotor activity, attention, anxiety, sensory/stimulus discrimination. Like any 
other chemical drug, scopolamine has intolerable side effects that might be associated 
with memory loss, for instance, salivation and pupil dilatation (33). The advantages of 
using rat models are mainly to understand the safety measures as well as to unravel the 
neuromodulation morphological and physiological mechanistic insights of the complexity 
of neurological diseases. The underlying mechanisms of action of DBS as well as the 
cognitive pathological behaviour impairments induced by drugs also can be evaluated in 
rodent animal models (34).

In this thesis, I further explored the effects of DBS of the fornix on synaptic plasticity 
as a potential mechanism of action of applying electrical stimulation (Chapter 3). By 
performing immunohistochemistry of neuronal and synaptic plasticity markers, I found 
that the memory-related effects of fornix DBS cannot be explained by enhancement of 
synaptic neuroplasticity. Other neuroplasticity mechanisms might be involved, such as 
long-term depression (LTD) (8). Long-lasting reduction or LTD of synaptic efficiency 
works as a recovery mechanism when the synaptic potentiation in the central nervous 
system (CNS) becomes too high for long periods of time (35, 36). The reduction of the 
synaptic efficacy potentiates an effective storage of information in the neuronal network 
(37, 38). This can be applied during lengthened or excessive stimulation in which the 
excitability of neurons get to be reduced in association with EEG depression in the 
amplitude and frequency (39). In the hippocampus, LTD can be explained as post synaptic 
intracellular calcium collection when neurons are depolarized completely in CA1 (40, 41) 
and CA3 (42) regions. Sustained appearance of LTD, as a compensatory mechanism of 
excessive excitation of neurons (39), helps to impair neurotransmission. This occurs as a 
protective phenomenon against the effect of neurotoxicity resulting from excitatory amino 
acids in cases like ischemia (43), hypoglycaemia (44) and hippocampal epilepsy (45). Since 
there are also other aspects of neuroplasticity and synaptic plasticity, which have not been 
addressed here such as Long term potentiation (LTP) (46, 47), sensitization (48, 49) and 
sprouting of axon terminal (50, 51), further investigation is recommended.

Another potential clinical trial target for DBS in AD patients is the NBM, which is 
located in the basal forebrain. The basal forebrain is considered to be the main cholinergic 
innervation to the cerebral cortex and consists of: nucleus septi medialis, the magnocellular 
preoptic area, nucleus of the vertical and horizontal limbs of the diagonal band of Borca, 
ventral pallidum and NBM neurons in the substantai innominate (52). Neocortex receives 
afferent cholinergic pathways from magnocellular neurons of the NBM subdivisions of 
the basal forebrain to the palleocortical, archcortical and neocortical fields. Structures 
of the basal forebrain involved in different behavioral functions, for instance, learning 
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and memory, reward, sensory processing (52), motivation (53), sleep (54), feeding 
behaviour (55), arousal activation of the limbic and neocortical system (56) as well as 
aggression, attention (57) and hippocampal and cortical control of the pattern of the 
electroencephalographic activity (52). While the other potential clinical target of DBS in 
AD is the fornix that is located in the medial temporal lobe. Forniceal fibers arise from 
hippocampus and consist from the left and right crura that are united together to form 
the body of the fornix in which its posterior fibers continue through hypothalamus to 
mammillary bodies, then to the anterior thalamic nucleus and project to the cingulate 
cortex (58). The fornix is part of the limbic system that contains a circuit known as the 
circuit of Papez which is responsible for memory formation (24). 

We have seen similarities and differences in our research and also literature between (A) 
fornix DBS and (B) NBM DBS. With regard to the various stimulation parameters we 
found: (A) continuous bilateral fornix DBS, 100 Hz, 100 µA and 100 µs pulse width, reveals 
the most optimal preclinical memory enhancement effects with c-Fos increase in CA1 
and CA3 as well as enhanced hippocampal acetylcholine (Ach) neurotransmitter release 
(21). This effect was independent of hippocampal neurogenesis (5) as well as independent 
of synaptic neuroplasticity (8). Despite improved cognition and enhanced memory in 
response to fornix DBS, the mechanism that augmented long term adult neurogenesis 
and enhanced synaptic strength for memory formation is still not clearly understood. In 
addition to the local modulation of neuronal activity of axons and dendrites at the site of 
electrode implantation (59), DBS can also have a neuroprotective effect against synaptic 
dysfunction and neuronal loss by enhancing genes involved in supporting the survival of 
existing DG mature granular neurons (20, 60). Moreover, long term structural plasticity 
of hippocampal volume enlargement (11, 12), hippocampal Ach neurotransmitter release 
(21) as well as modulation of protein level expression of neurotrophic factors such as 
BDNF and VEGF (7), can be suggested as potential possible mechanisms of actions in 
enhancing memory functions by fornix DBS.

Conclusion

Two main brain targets have been studied clinically and experimentally in relation to 
memory-related impairment: the fornix and the NBM, and both targets have been found 
to be safe and tolerable. In this thesis, the synaptic neuroplasticity mechanism may not 
be the cause for the long-term memory effect of fornix DBS, which we have found. We 
think that other neuroplasticity mechanisms might be involved, such as LTD. With 
regard to the behavioral effects of intermittent DBS in scopolamine-induced rat models 
of experimental dementia, I found clear-cut memory enhancement when tested with 
the recognition memory task. Furthermore, there were no side effects regarding anxiety 
levels or general motor activity. Moreover, acute intermittent NBM DBS induces 
increased formation of new hippocampal cells.

It is possible to improve memory-related functions by stimulating different areas of the 
circuit of Papez. These areas require specific stimulation paradigms for the best effects 
and these effects also have different mechanisms of action.
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According to the World Health Organization (WHO), globally 50 million people are 
suffering from dementia. This translates to 5-8 people out of 100 (1). The number of 
diagnosed cases is 10 million per year, and by 2030, it is expected that the total number 
of people who suffer from dementia will be 82 million; and 152 million by 2050 (1). 
Dementia is characterised by a disability of the patient’s memory and cognition, and 
it can also affect sensory modalities. In progressed stages, the patients suffer from 
confusion, the inability to interpret sensations, the inability to speak or understand 
speech, and the inability to accept customs (2).

Dementia is considered as a major burden for both the patients and their families, and 
it causes a serious socioeconomic burden for the society. Increasing the elderly life span 
due to the improvement in the preventive measures as well as the medical improvement 
in the quality of the health care system, can be correlated to the increase in the number 
of people diagnosed with dementia and other chronic neurodegenerative diseases such 
as Alzheimer disease (AD) (3). The world  population in 2017 was 7.6 billion, In Africa 
the people over the age of 60 years old is 5%, 25% in Europe. While this percentage 
is much higher in Asia due to the high distribution of the inhabitant in that continent 
(4). In Europe, the annual cost is around 32,000 Euros per person with dementia and 
the cost has increased in the USA to 42,000 Euros per person with dementia, while the 
world estimated cost is about 817 billion US dollars for a sample of 46 million people 
diagnosed with dementia. The progressed stage cost of dementia is higher than the early 
stage cost. The direct cost include in- or outpatient care, drugs and patients’travel cost 
while indirect cost varies from loss of productivity due to short- or long term sickness 
absence, increased morbidity, early mortality, family impact for taking care of people 
with dementia (5).

Currently, there is no cure or means of prevention for Dementia, the only available 
therapies that have been used are aimed to reduce the symptoms of Dementia. Because 
of the limited and short term symptomatic relief of these medications as well as their 
side-effects, there is a demand for the use of non-pharmacological therapies in order to 
reduce or delay the progress of dementia (6) or to improve long-term survival in some 
patients (7). Non-pharmacological Treatments currently being tested in an investigational 
stage to be safe and well tolerated for people with dementia are neuromodulation-
based approaches such as deep brain stimulation (DBS) (8). DBS has been shown to 
be more beneficial for people 65 years or older who are suffering from early AD (9). 
The mechanisms of action of how DBS influences memory-related functions are not 
well understood, yet. I aimed in this thesis to generate data to identify the gaps in our 
knowledge by elaborating clinical and preclinical studies and provide an overview of the 
potential mechanisms of action of DBS on learning and memory. Synaptic placticity, 
neurogenisis and behavioral memory studies have been applied to detect the possible 
underlying mechanisms of action of DBS targeting the fornix and the nucleus basalis of 
Meynert (NBM) in rat models of dementia.

Based on the previous aforementioned social problem associated with epidemiological 
and socioeconomic impact of AD, we address the contribution of this thesis into three 
main goal targets. The first target group includes women and men who are diagnosed 
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with AD dementia, their caregivers and/or the daily activity informants. Reason for 
caregiver inclusion, because regularly, the level of caregiver burden is able to rate the 
patient’s quality of life lower than AD patient’s own rating (10). In addition, progression 
of AD is directly correlated with family: health, emotional well-beingand and life quality 
of patients and their caregiver. The of quality of life assessment of AD patients and their 
caregiversA depends on variety of important criterias such as cognitive and functional 
status, daily living pleasant activity and depression rating scale (11). The goals of DBS, 
as a potential non-pharmacological AD treatment, are focused to delay dementia 
progression, enhance cognitive and noncognitive behaviours including patient’s quality 
of life. In literature, DBS has better impact on cognitive measures accompained by 
improvement in the quality of life of AD pateints which is positively reflected on 
their spouse/caregiver, 12 months after stimulation (12, 13). Therefore, in this thesis 
I have generated the primariy neuronal and behavoural effects of DBS on memory 
enhancement in experimental model of dementia. Enhancing memory performance is 
considered to be one of the cardinal signs and symptoms of improving life quality of 
AD demented patients.

The second target group includes the public society and their valuable cooperation 
impact in science researches. This group target can play a major role in delaying and 
limiting the political measures that aim to decrease or limit the researches on clinical 
and preclinical level. The prevalence of AD is expected to rise within the next 50 years 
not only among people who are 65 years and older but among people who are younger 
than 65 years old (14, 15). The direct and indirect service cost of AD urge society to 
support such a novel safe and tolerable minimal invasive DBS procedure. DBS is not 
only meant to improve the life quality and the social environment of AD sufferers, but 
is also meant to reduce the burden influence and the care service costs associated with 
this debilitating disease (16).

The third target group is the scientists who are working in neuromodulation field. 
The data generated from this thesis shed light on the beneficial use of DBS in such a 
devastating neurodegenerative disease. Since there is no cure for AD, this dissertation also 
can guide the academic community as well as the neuromodulation companies to work 
together to pursue and fund the future DBS clinical and experimental animal model 
researches of dementia. Two therapeutic targets have been selected so far in clinical trial 
for AD and still different promising targets have emerged within the memory circuits in 
preclinical studies. A good understanding of neuromodulation mechanisms in clinical 
and preclinical studies might help to attain optimal results, alleviate comorbid symptoms, 
and avoid intolerable side effects of drug-based treatment of dementia-related disorders.

The contribution of this thesis is still often under the preclinical therapeutic escalation of 
DBS in experimental rat model of dementia. DBS of the fornix was found to be effective 
in long-term memory enhancement and that memory enhancement was not supported 
by long-term formation of new functional hippocampal neuronal cells or even long-
term synaptic plasticity. This experiment was applied in wild type rats and that might 
explain the cellular and molecular effect of DBS which appear to be more effective in 
AD animal models rather than in wild type animal subjects. Moreover, Intermittent 
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DBS targeting the NBM emerged a superior memory performance in experimental rat 
model of dementia when compared to sham animals. We hypothesized and we proved 
with evidence that tailored intermittent stimulation paradigm seems to be an effective 
factor to reverse the memory deficit induced by scopolamine as well as increases the 
formation of new cells in the hippocampal dentate gyrus. These preclinical new concept 
findings of memory restoration could hold a promising future for the use of DBS for 
treating patients suffering from dementia. Since promising preclinical findings face major 
difficulties and uncertainties to be translated from preclinical to clinical experiences, we 
think DBS has a promising future towards patients with cognitive impairments diseases.

In this thesis we try to cover a well understanding of the stimulation effects on memory-
related function, and still there is a vital gap in our understanding which needs to be 
addressed. First, we reported the neuromodulation effect of fornix DBS on long-term 
changes in synaptic plasticity in a wild type rats (17). Therefore, studies in animal model 
of AD to uncover the connectivity mechanisms among the existing neurons are needed 
to be addressed further. For instance, short- and long-term effect on synaptic plasticity 
in response to fornix and NBM DBS, are necessary to be addressed. Second, In addition 
to synaptic plasticity mechanism, molecular mechanism in preclinical researches also 
needs to be validated. For example, our research group has observed hippocampal 
neurotransmitter release of Ach in response to fornix DBS (18). Therefore, further 
research is recommended to investigate the hippocampal release of glutamate and Ach 
using NBM DBS in wild type and AD rat models. Third, in the present thesis we 
found NBM DBD enhanced hippocampal neuroplasticity in experimental rat model 
of dementia. Whereas, our research group outlined in a previous study that fornix DBS 
induce long-term memory enhancement independent of hippocampal neurogenisis 
(19). Consequently, hippocampal neuroplasticity needs to be investigated in response 
to fornix in AD rat models and in response to NBM DBS in both wild type and AD 
rat models. Fourth, in this thesis we addressed that intermittent stimulation paradigm 
of NBM enhance recognition memory in experimental rat model of dementia. In 
view of that, this intermittent stimulation paradigm can be applied as well in fornix 
DBS in both wild type and AD rat models. Finally, are behavioral, cellular, molecular 
and neurogenic changes dependent on stimulation protocols e.g. continuous versus 
intermittent stimulation? This is what has to be proven in further future preclinical 
studies in alternative regions to induce memory-restoring effects in response to DBS.

Safe and effective non-drug based treatment to alleviate dementia symptoms with 
neuromodulation in both translational models and patients are the 21st century 
neuroscientist mission. In this thesis, we have outlined various behavioral and plastic 
changes following electrical stimulation. More advanced modulating techniques 
targeting different brain areas for AD and other neurological disorders, with high degree 
of selectivity and specificity to increase efficacy and intolerable side effects used in 
translational models, will be developed and approved. These techniques enhances brain 
microcircuitry in normal and deceased states for instance, opto- and chemo-genetics 
and magnitothermal neuromodulation (20).
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Society and other academic disciplines shed more light on the importance of DBS field 
on aging, especially the cardinal decline in learning and memory that is associated with 
an individual’s increase in their life expectancy. While dementia’s cause is still not fully 
understood, the genetic and environmental factors are currently hypothesized. The 
intolerable drug-based dementia treatment increases the level of society’s pressure towards 
physicians, academic researchers and scientists to find safe and effective alternative 
treatments such as electrical neuromodulation. This kind of electrical modulation 
induce a remarkable and fruitful results on patients with Parkinson’s disease and luckily 
ongoing clinical and preclinical trials are currently worldwide evaluated for dementia. 
In this thesis we have shared our knowledge with other academic disciplines for better 
understanding of the effects of DBS on memory-related function in response to society’s 
demands. With more preclinical studies to understand the essential mechanism of action 
of DBS in memory restoration, we can confidently implement DBS in clinical practice 
for patients suffering from dementia and other cognitive impairment diseases.

In conclusion, we have tried to provide in this dissertation some answers to the essential 
gaps in our knowledge regarding the cellular and behavioral mechanisms of action of 
fornix and NBM DBS to restore memory loss in experimental rat models of dementia. 
With this in mind, we will pursue further researches on the therapeutic effect of fornix 
and NBM DBS using behavioral, molecular, cellular and different stimulation protocol 
assessments. Furthermore, for better understanding of the molecular pathogenesis of 
dementia, synaptic- and neuro-plasticity, new mechanisms of DBS should be studied in 
a multi-methodological approach for better alternative treatment of patients suffering 
from dementia and other cognitive impairment diseases in the future.

In this thesis we have identified several target groups (the general public, the scientists 
who are working in this field, scientific community and patients suffering from dementia 
who are affected by memory and cognitive decline). Some of the current material has 
been previously published or will be published in scientific j9ournals. This material 
has also been presented at scientific meetings promoted by patient’s association and 
networks.
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